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Preface


I stated in the front matter of the second edition of this book that “[it] was bigger and better than the first.” The same is true for this third edition: It is without question much bigger and better than its predecessors.


The purpose of this book (to assist the spine surgeon with the avoidance, identification, and management of complications) has not changed. Its presentation, however, has: It is more colorful; the contributors are more seasoned—and, hence, they have refined the information transmission process, as well as the dialogue employed. This edition is easier to read, more organized, and much more user friendly. In this third edition good contributions from the prior editions were made better. Some have been eliminated; others have been added; new topics are addressed; and antiquated topics have been dropped.


This edition remains a techniques book but provides much, much more. In addition to the “how tos,” it provides significant discussion regarding the “when tos,” the “when not tos,” and the “whys” associated with the decision-making process.


Decision making is, indeed, the central focus of this text. Decision making is facilited by understanding both the triumphs and the mistakes made by our predecessors. This book liberally provides such understanding. In addition to technique, it focuses on ethics, logic, nonoperative management, and controversies. Perhaps more important than any other factor, it focuses on the fundamentals. The fundamental disciplines of anatomy, biomechanics, and physiology provide the foundation for all we do as spine surgeons. I am perpetually compelled to focus on this foundation and have striven to do so in the pages that follow.






Risk Taking


Surgeons are risk takers and surgery is a risk-taking process. The patient places himself or herself in the hands of the surgeon, and the ensuing decision-making process involves the resolution (or the attempts at such) of many technical and quality-of-life–related issues and dilemmas. A surgical procedure may be warranted if the sum of the costs (both financial and personal) and risks is less than the sum of the benefits. This risk/benefit analysis should be of paramount concern and should be emphasized by the surgeon and realized by the patient. This book is designed to help surgeons achieve these goals, by minimizing the risk-taking component and by maximizing the benefit component of this “equation.”









Repetition


We learn most effectively by having data presented in a repetitive manner, often from different perspectives, using differing techniques (e.g., written, mathematical, or visual).





[image: image]

FIGURE 1 The spiral of learning.




 The true understanding of a concept or body of knowledge involves the spiral of learning, which often involves multiple exposures to information so that a solid database (foundation of knowledge) is acquired. New (raw) data are then added and assimilated. This “expanded” knowledge base can then be applied to, and enhanced by, additional basic science, clinical input, and applications. This entire process is perpetually refined and reshaped by new experiences, such as clinical encounters or through reading and other sources of learning (Fig. 1). Repetition is the mother of learning. Repetition is, indeed, good—very good.









What Is a Complication?


The definition of what constitutes a complication is usually unclear and often argued. In a way, it’s like pornography: “I cannot define it, but I know it when I see it.”





I shall not today attempt further to define the kinds of material I understand to be embraced within that shorthand description [“hard-core pornography”]; and perhaps I could never succeed in intelligibly doing so. But I know it when I see it, and the motion picture involved in this case is not that. [Emphasis added.]


—Justice Potter Stewart, concurring opinion in Jacobellis v. Ohio 378 U.S. 184 (1964), regarding possible obscenity in The Lovers.





Perhaps complications and pornography alike do not require strict definition, which may be too confining and, in the case of complications, detract from the purpose of focusing on its mitigation—i.e., doing what’s right!


In the first and second editions of this book, I made reference to the Canadian Thistle as both a weed and a flower. To some it is a weed and to others it is considered a flower. To the spine surgeon, the patient, and the attorney, a complication has different meanings, and often different consequences. Postoperative pain (as subjective as it may be) may not be considered a complication by the surgeon. It may be perceived as annoying or even as a source of substantial distress to the patient. Conversely, it may be viewed as a source of revenue, and, therefore, joy by a plaintiff attorney. Beauty is clearly in the eye of the beholder, and without question, ugly is indeed a matter of perception and perspective.


Thus, the definition of a complication is not as clear as outsiders (e.g., the lay public and the legal system) often believe, or want to believe, is the case (as is the case with the definition of pornography). With all this in mind, and in the best interest of our patients, we should attain and maintain objectivity. We should not be swayed by uneducated or undeserved accolades from the medically naive, or by threats from entrepreneurs or the devious. Complications must be defined to the best of our ability, avoided when possible, and aggressively managed when they occur. Their avoidance, identification, and management should not be charged with emotion and anger but attacked with an armamentarium of logic, thoughtfulness, science, and objectivity.


The avoidance, identification, and management of the complications of spine surgery are addressed in the pages that follow by experts in the field. These experts themselves are not infallible. They address complications with which they have had first-hand experience. We must seize the opportunity to benefit from their wisdom and experience. A wise person can learn from the observations and mistakes of others.


Like a Canadian Thistle, a complication (and, yes, pornography) implies different things to different people. We must put complications in their appropriate perspective by clarifying their definition as they pertain to the situation at hand. We should then actively avoid them and aggressively identify and manage them when they do occur.









Bias and Conflict of Interest


Bias and conflicts of interest can skew and pervert objectivity. Please remember as you read the pages that follow that all of us (including the contributors to this book) are biased and conflicted. It is literally impossible not to harbor such biases. Some are more obvious than others. Nevertheless, as with the definition of complications and pornography, the definition of bias and conflict of interest is often unclear. I, in an attempt to inform our readership regarding the more obvious biases and conflicts of interests, have had each contributor disclose such conflicts as they pertain to the subject matter presented herein. They were asked to fill out the form depicted in Figure 2. Please remember that we all have bias and conflicts of interest. Those listed here represent but a scratching of the surface. Like so many other aspects of interpersonal communications—it’s a start.
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FIGURE 2 Bias and conflict of interest survey.
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History










Chapter 1 History of Spine Surgery




Sait Naderi, Edward C. Benzel





The evolution of spinal surgery has revolved around three basic surgical goals: decompression, surgical stabilization, and deformity correction. To emphasize their importance, these surgical goals form the framework for this chapter. However, other related fundamental arenas, such as anatomy, biomechanics, nonsurgical treatment modalities, contributed to the development of surgical concepts as well.


Although the main advances in spine surgery occurred in the 19th and 20th centuries, their roots date back several thousand years. Without understanding and appreciating the past, it is not possible to understand and appreciate the advancements of the last two centuries. Therefore, before touching upon the last two centuries’ history of the spine, a short examination of spine medicine from the antique period, medieval period, and Renaissance is presented.






Antique Period and Spine Surgery


There is no evidence of surgical decompression and stabilization, or the surgical correction of deformity, during the antique period except for laminectomy in a trauma case reported by Paulus of Aegina. However, it is known that physicians of the antique period were, to some extent, able to evaluate patients with spinal disorders. They in fact used frames for reduction of dislocation and gibbus and applied some of the knowledge gained from human and animal dissections.


Srimad Bhagwat Mahapuranam, an ancient Indian epic (3500–1800 bce), depicts the oldest documentation of spinal traction. In a passage from this document, it is described that Lord Krishna applied axial traction to correct a hunchback in one of his devotees.1


The Edwin Smith Papyrus (2600–2200 bce) is the most well-known document on Egyptian medicine. This document reports 48 cases. Imhotep (2686–2613 bce), a late second-dynasty surgeon, authored this papyrus, which reported six cases of spinal trauma. Hence, nearly 4600 years ago, vertebral subluxation and dislocation and traumatic quadriplegia and paraplegia were described.2 Recently, it was reported that Egyptian physicians described the “spinal djet column concept.”3


Antique medicine was also influenced by the Greco-Roman period physicians.4 Hippocrates (460–375 bce) addressed the anatomy and pathology of the spine, describing the normal curvatures of the spine, its structure, and the tendons attached to it. He defined tuberculous spondylitis, posttraumatic kyphosis, scoliosis, spinal dislocation, and spinous process fracture. He addressed the relationship between spinal tuberculosis and gibbus. According to Hippocrates, spinous process fracture was not dangerous. However, fractures of the vertebral body were more important. He described two frames for reduction of the dislocated spine, including the Hippocratic ladder and the Hippocratic board.5 The details of Hippocratic treatment were recorded by Aulus Cornelius Celsus (25 bce–50 ce).


Aristotle (384–322 bce) focused on kinesiology. His treatises—“parts of animals, movement of animals, and progression of animals—described the actions of the muscles.” He analyzed and described walking, in which rotatory motion is transformed into translational motion. Although his studies were not directly related to the spine, they were the first to address human kinesiology and, in fact, biomechanics.6


Galen of Pergamon (130–200 ce), another physician of the antique era, worked as a surgeon and anatomist. He studied the anatomy of animals and extrapolated his findings to human anatomy. His anatomic doctrines became the basis for medical education for more than 1200 years. He used the terms kyphosis, scoliosis, and lordosis, and he attempted to correct these deformities. He also worked as the official surgeon of gladiators in amphitheaters. Because of this position, he was accepted as “the father of sports medicine.” He confirmed the observations of Imhotep and Hippocrates regarding the neurologic sequences of cervical spine trauma. Nevertheless, to the best of our knowledge, he did not operate for spinal trauma.6,7


Oribasius (325–400 ce), another physician of the antique period, added a bar to the Hippocratic reduction device and used it to treat both spinal trauma and spinal deformity.8


One of the most important figures dealing with spinal disorders during the end of this period was Paulus of Aegina (625–690 ce). He collected what was known from the previous 1000 years in a seven-volume encyclopedia. Paulus of Aegina not only used the Hippocratic bed, but also worked with a red-hot iron. He is credited with performing the first known laminectomy. This was performed for a case of spinal fracture resulting in spinal cord compression. He emphasized the use of orthoses in spinal trauma cases.6,9









Medieval Period and Spine Surgery


The studies and reports of Paulus of Aegina are the most important source of information regarding this period of medicine. This age was followed by the Dark Ages (ca. 500–1000 ce) in Europe. Although Western medicine showed no progress during the Dark Ages, the Eastern world developed the science. The early Islamic civilizations realized the importance of science and scientific investigation. The most important books of the antique age were translated into Syrian, Arabic, and Persian. Therefore, using the Western doctrines, the Islamic civilizations discovered new information and were able to contribute further. In terms of spine medicine, several important contributors, including Avicenna and Abulcasis, added to this movement.


Avicenna (981–1037 ce), a famous physician from present-day Uzbekistan, worked in all areas of medicine (Fig. 1-1). His famous book, the Canon of Medicine, was a seminal textbook until the 17th century in Europe. He described the biomechanics-related anatomy of the spine, as well as flexion, extension, lateral bending, and axial rotation of the spine.10 Avicenna also used a traction system similar to the system described by Hippocrates.
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FIGURE 1-1 Avicenna.




Abulcasis (936–1013 ce), a famous Arabian surgeon of the 11th century, wrote a surgery treatise, “At-Tasnif.” He described several surgical disorders, including low back pain, sciatica, scoliosis, and spinal trauma. He recommended the use of chemical or thermal cauterization for several spinal disorders. He also developed a device to reduce the dislocated spine.11


Serefeddin Sabuncuoglu (1385–1468 ce), a Turkish physician of the 15th century, wrote an illustrated atlas of surgery,12 in which he described scoliosis, sciatica, low back pain, and spinal dislocations. He delineated a technique for reduction of spinal dislocations, using a frame similar to that designed by Abulcasis.









Renaissance and Spine Surgery


Gradually, the intellectual doldrums of the Dark Ages in Europe evolved into the Renaissance. Academic centers were established in Europe, as well as centers for the translation of documents, similar to centers established in Islamic regions. Thus, the classics from the antique age were translated into Latin from Arabic, making their scientific information available to the scholars and physicians of the Renaissance. During this time, the Western world spawned disciplines, including art, medicine, physics, and mathematics.


The works of Leonardo Da Vinci (1452–1519 ce) are of importance in this regard. Da Vinci worked on the philosophy of mechanics and on anatomy in De Figura Humana. He described spine anatomy, the number of vertebrae, and the joints in detail. By studying anatomy in the context of mechanics, da Vinci gained some insight into biomechanics. He considered the importance of the muscles for stability in the cervical spine. However, his work was unpublished for centuries, and his brilliant daydreaming had a limited scientific influence on biomechanics.13,14


Andreas Vesalius (1514–1564 ce), an anatomist and physician, wrote his famous anatomy book, De Humani Corporis Fabrica Liberi Septum, which changed several doctrines described by Galen. Actually, it took several centuries for the world to accept that Galen had made errors that were corrected by Vesalius. Because he described and defined modern anatomy, he is commonly accepted as the father of anatomy. He described the spine, intervertebral disc, and intervertebral foramina. His biomechanical point of view regarding the flexion extension of the head was similar to that of Avicenna.15


The early anatomic studies and observations were followed by biomechanical advancements. Prominent among the contributors to those advancements was Giovanni Alfonso Borelli (1608–1679 ce), who described the biomechanical aspects of living tissue. He is the founder of the “iatrophysics” concept—a term that subsequently became known as biomechanics. He is accepted as the “father of spinal biomechanics.” His book, De Motu Animalium, describes the movements of animals. He wrote that the intervertebral disc is a viscoelastic material that carries loads. This is so because he observed that muscles could not bear the loads alone. He concluded that the intervertebral discs should have function during load bearing. He was the first scientist to describe the human weight center (center of gravity).16,17


The studies and accomplishments of the Renaissance period were not limited to the aforementioned. Many scientists contributed to the body of the literature in this period. The advancements from this period resulted in the formation of early modern surgery, beginning in the 19th century.









Early Modern Period and Spine Surgery






Spinal Decompression and the Early Modern Period


Although an open decompression of the spinal canal for spinal cord compression was recommended by some surgeons as early as the 16th and 18th centuries (e.g., Pare, Hildanus), there is no evidence of successful intervention except for a case reported by Paulus of Aegina prior to the 19th century.


Spinal decompression in the early modern period was primarily via laminectomy. Throughout most of the 19th century, laminectomy was developed and its utility debated as the only surgical approach to all spinal pathologies, including tumor, trauma, and infection. At the dawn of the 20th century, the indications for laminectomy were extended to the decompression of spinal degenerative disease, an understanding of which had eluded 19th-century surgeons because they failed to appreciate the connection between its clinical and pathologic manifestations.


During the 19th century, spinal surgery was performed almost exclusively for neural element decompression. Numerous nonoperative approaches to deformity correction were attempted over the centuries, but the surgical approach to deformity correction was a 20th-century development. The techniques of spinal stabilization were also a product of the 20th century—both spinal fusion and internal fixation appearing around the turn of the 20th century. Moreover, a failure to recognize the implications for treatment of degenerative spinal disease, including spondylosis and degenerative disc disease, meant that the solution to these problems had to wait for the new century.


Thus, during the 19th century, the indications for spinal surgery were limited to the treatment of tumor, trauma, and infection.18 Although each of these conditions posed unique clinical and surgical problems, they shared the need for surgical decompression. Throughout the early modern period, surgical decompression of the spine was the single most common reason to undertake the risks of spinal surgery, and laminectomy was the most commonly used technique to achieve it.









Birth and Development of the Laminectomy






H. J. Cline, Jr., and the Argument against Spinal Surgery


At the beginning of the 19th century, the prospects for spinal surgery appeared grim. The dismal results of a well-publicized operation for a traumatic spinal injury stimulated a heated debate over the “possibility” of spinal surgery that persisted for nearly a century. At the center of this debate was H. J. Cline, Jr., a little-known British surgeon.


In 1814, Cline performed a multilevel laminectomy for a thoracic fracture-dislocation associated with signs of a complete paraplegia (Fig. 1-2).19 The patient was a 26-year-old man who fell from the top of a house. “He was bled previous to his admission” to the St. Thomas’s Hospital in London, “and some imprudent attempts were made to relieve him by pressing the knees against the injured part, which only increased the pain and inflammation.”19 Upon admission to the hospital the patient was examined by Cline, who “ascertained that some of the spinous processes . . . were broken off and were pressing upon the spinal marrow . . . [and] who resolved to cut down and remove the pressure from the spinal marrow.”19
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FIGURE 1-2 First page of H. J. Cline Jr.’s historic laminectomy, as reported by G. Hayward.


(From Cline HJ Jr [cited by Hayward G]: An account of a case of fracture and dislocation of the spine. N Engl J Med Surg 4:13, 1815.)





The patient was observed overnight in the hospital, and on the day following admission, Cline performed his proposed operation. Although the operation was performed within 24 hours of injury, Cline was unable to reduce the dislocation or to achieve a complete decompression of the neural elements. The patient survived for 3 days after surgery, with increasing pain and a steadily increasing pulse. On postoperative day 4, however, the patient died, “and on an examination of the body by Mr. Cline, it was found that the spinal marrow was entirely divided.”19 Despite the severity of the neural injury, and the complexity of the fracture-dislocation, the untoward outcome of this unfortunate case would remain a topic of conversation for almost a century, providing ample ammunition for the opponents of spinal surgery.


Of course, the case of Cline was not an isolated mortality. In 1827, for example, Tyrell20 reported a 100% mortality for a small series of patients with surgically treated spinal dislocation and neurologic injury. Other reports (e.g., Rogers21 in 1835) were often equally discouraging. Looking back on these early years of the debate about spinal surgery, the early 20th century British surgeon Donald Armour22 described the controversy this way:





This [Cline’s operation] precipitated and gave rise to widespread and vehement discussion as to its justification. This discussion, often degenerating into bitter and virulent personalities, went on many years. Astley Cooper, Benjamin Bell, Tyrell, South, and others favored it, while Charles Bell, John Bell, Benjamin Brodie, and others opposed it. The effect of so eminent a neurologist as Sir Charles Bell against the procedure retarded spinal surgery many years—the operation was described with such extravagant terms as “formidable,” “well-nigh impossible,” “appalling.” “desparate [sic] and blind,” “unjustifiable,” and “bloody and dangerous.”





Of course, surgical fatalities in this period were due as much to septic complications and anesthetic inadequacies as they were to surgical technique. The lack of an effective means of pain control during surgery intensified the problem of intraoperative shock and made speed essential. Furthermore, the problems of wound infection and septicemia were both predictable and frequently fatal. These hindrances to surgery were not ameliorated until the introduction of general anesthetic agents (i.e., nitrous oxide, ether, and chloroform) in the mid-1840s and the adoption of Listerian techniques (using carbolic acid) in the 1870s.23









A. G. Smith and the First Successful Laminectomy


Despite these risks, a little-known surgeon named Alban G. Smith from Danville, Kentucky, performed a laminectomy in 1828 on a patient who had fallen from a horse and sustained a traumatic paraplegia. To Smith’s credit, his patient not only survived the operation but achieved a partial neurologic recovery. The operative technique and surgical results were reported in the North American Journal of Medicine and Surgery in 1829 (Fig. 1-3).24 Smith’s procedure comprised a multilevel laminectomy through a midline incision, involving removal of the depressed laminae and spinous processes, exploration of the dura mater, and closure of the soft tissue incision. Although the report of this landmark case appears to have attracted little attention at the time, it is a significant technical achievement and places Smith among the pioneers of the early modern period in spinal surgery.
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FIGURE 1-3 Title page of journal that contains the first successful report of a laminectomy. The surgeon, and the author of the report, was Alban G. Smith of Danville, Kentucky.


(From Smith AG: Account of a case in which portions of three dorsal vertebrae were removed for the relief of paralysis from fracture, with partial success. North Am Med Surg J 8:94–97, 1829.)












Laminectomy for Extramedullary Spinal Tumor


During the half century after Smith’s historic operation, the primary indication for laminectomy was spinal trauma. In the latter part of the 19th century, the indications for laminectomy were extended to tumor and infection.25 The first and most celebrated surgical case for spinal tumor in the 19th century, that of Captain Gilbey, was also the first successful one, and it played an important role in the rehabilitation of the laminectomy as a safe and effective procedure.


Captain Gilbey was an English army officer who suffered the misfortune of losing his wife in a carriage accident in which he also was involved. Although Gilbey himself escaped serious injury, he soon began to experience progressive dull back pain, which he attributed to the accident. As the pain became relentless, Gilbey sought the advice of a series of physicians, all of whom were unable to identify the source of his pain. Eventually, Gilbey was referred to the eminent London neurologist, William Gowers, who elicited from the patient a history of back pain, urinary retention, paraplegia, and loss of sensation below the thoracic level (Fig. 1-4).26
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FIGURE 1-4 William R. Gowers.




The neurologist’s diagnosis was immediate and unequivocal: the cause of Gilbey’s symptoms was located in his spine, where a tumor was causing compression of the thoracic spinal cord. Although no intraspinal tumor had ever been resected successfully, Gowers referred the patient to his London surgical colleague, Victor Horsley (Fig. 1-5). After all, Gowers had himself asserted, in his authoritative textbook, Manual of Diseases of the Nervous System, that removal of an intradural spinal cord tumor was “not only practicable, but actually a less formidable operation than the removal of intracranial tumors.”27
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FIGURE 1-5 Sir Victor Horsley.




Horsley acted quickly. Within 2 hours of the initial consultation, a skin incision was made at 1 pm, June 9, 1887, at the National Hospital, Queens Square, London. Despite his precipitous decision to undertake this dangerous operation, Horsley did not approach the operation unprepared. Although the Act of 1876 made it a criminal offense to experiment on a vertebrate animal for the purpose of attaining manual skill, Horsley had repeatedly practiced the proposed procedure in the course of his surgical experimentation. Despite some initial difficulty in locating the tumor, an intradural neoplasm in the upper thoracic spine causing compression of the spinal cord was identified and safely resected. The pathologic diagnosis was “fibromyxoma of the theca.”


Follow-up 1 year later revealed almost complete neurologic recovery. The patient was walking without assistance and had returned to his premorbid work schedule. He remained well, with no evidence of tumor recurrence, up to the time of his death from an unrelated cause 20 years later.









Laminectomy for Intramedullary Spinal Tumor


In 1890, Fenger attempted to remove an intramedullary spinal tumor in an operation that resulted in the patient’s death.28 In 1905, Cushing29,30 also attempted to remove an intramedullary spinal cord tumor but decided to abort the procedure after performing a myelotomy in the dorsal column. To Cushing’s surprise, the patient improved after surgery. In 1907, von Eiselsberg31 successfully resected an intramedullary tumor.


The unexpected improvement that was observed in the patient reported by Cushing attracted the attention of the New York surgeon Charles Elsberg. Elsberg32 described Cushing’s technique, which he aptly named the “method of extrusion.” The technique was intended to remove an intramedullary tumor by spontaneous extrusion of the tumor through a myelotomy made in the dorsal column. The rationale for this method was predicated on the theory that an intramedullary tumor was associated with an increase in intramedullary pressure. Release of this pressure by a myelotomy that extended from the surface of the spinal cord to the substance of the tumor was expected to provide sufficient force to spontaneously extrude the tumor. According to Elsberg, the advantage of this procedure over a standard tumor resection was that it required minimal manipulation of the spinal cord and therefore minimal spinal cord tissue injury.


Because the spontaneous extrusion of an intramedullary tumor occurred slowly, Elsberg performed these procedures in two stages. In the first stage, a myelotomy was fashioned in the dorsal column, extending from the surface of the spinal cord to the tumor (Fig. 1-6A).
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FIGURE 1-6 A, The first stage in an intramedullary spinal cord tumor resection by the extrusion method. Note that the tumor is bulging through the myelotomy incision. The wound was subsequently closed. B, The second stage in an intramedullary spinal cord tumor resection by the extrusion method, 1 week after the first stage. Note that the tumor has spontaneously extruded since the first operation, and now may be removed easily.


(From Elsberg CA, Beer E: The operability of intramedullary tumors of the spinal cord. A report of two operations with remarks upon the extrusion of intraspinal tumors. Am J Med Sci 142:636–647, 1911.)





When the tumor was identified and observed to begin to bulge through the myelotomy incision, the operation was concluded, the dura mater was left opened, and the wound closed. In the second stage of the procedure, which was performed approximately 1 week after the first stage, Elsberg reopened the wound and inspected the tumor (Fig. 1-6B). Typically, the tumor was found outside the spinal cord, and the few adhesions that remained between the spinal cord and the tumor were sharply divided. After the tumor was removed, the wound, including the dura mater, was closed.









Variations in Laminectomy Technique


By the last decade of the 19th century, after the case of Captain Gilbey, the possibility of safely performing a spinal operation was established in the collective surgical consciousness. Furthermore, new anesthetic techniques and aseptic methods had become available to most practicing surgeons.33 All of these factors served to increase the appeal of the laminectomy to surgeons and to widen its range of application. For example, after Horsley’s widely publicized success for resecting a spinal tumor, many similar operations were soon described in the literature,34-39 and in 1896, Makins and Abbott40 reported 24 cases of laminectomy for vertebral osteomyelitis.


Although the safety and efficacy of the laminectomy had convinced many proponents of the utility of the procedure, toward the end of the century surgeons began to worry about postoperative instability. Advances in operative technique and perioperative management meant that more and more patients survived the operation and ultimately became ambulatory, which further heightened concern about stability.


In 1889, Dawbarn41 described an osteoplastic method of laminectomy that addressed this concern. Instead of a midline incision, Dawbarn described two lateral incisions that were carried down to the transverse processes. The lateral incisions were connected in an H-like fashion, and a superior and inferior flap—including skin, muscle, fascia, and bone—was then turned. In closing the wound, the intact flaps were reflected back and reapproximated in their normal anatomic positions.


Although not all surgeons subscribed to the osteoplastic method, many turn-of-the-century surgeons were largely preoccupied with modifications of this procedure.42 At the same time, however, a more important innovation in laminectomy technique, the hemilaminectomy, was developed independently in both Italy43,44 and the United States.44


In 1910, A. S. Taylor of New York described the hemilaminectomy: a midline incision, a subperiosteal paravertebral muscle takedown, and the removal of a hemilamina with a Doyen saw. The advantages of the hemilaminectomy over the cumbersome osteoplastic method were obvious, and Taylor argued that compared with the laminectomy, the hemilaminectomy interfered less with the mechanics of the spine. Despite such detractors as Charles Elsberg, who responded that the field of view was narrow and the effect of laminectomy on spinal mechanics negligible, Taylor successfully championed its use.









Charles A. Elsberg: The Laminectomy in Stride


Charles A. Elsberg was one of the most influential writers on spinal decompression (Fig. 1-7). Working at the Neurological Institute of New York, which he had helped to found, Elsberg45 published his first series of laminectomies in 1913. In 1916, he published his classic text, Diagnosis and Treatment of Surgical Diseases of the Spinal Cord and Its Membranes.46 Although these publications represent landmarks in the history of spinal surgery, they constitute more of a culmination than an innovation in spinal surgery. Elsberg’s work on spinal surgery, coming as it did at the end of a century of evolution of the decompressive laminectomy, effectively codified 19th and early 20th century developments.
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FIGURE 1-7 Charles A. Elsberg.




In his textbook, Elsberg outlined the surgical indications and contraindications for laminectomy. He noted the beneficial effects in his own large series of laminectomies and puzzled over the benefits that may occur in the absence of evident increased intradural pressure, such as in patients with multiple sclerosis. He argued that the primary indications for operation were cases of tumor, trauma, and infection that were associated with symptoms localized to a spinal level. Patients with progressive symptoms should be operated on quickly, in the absence of contraindications such as metastatic cancer or advanced Pott’s disease.


Given the exhaustive scope of these early Elsberg publications—which, in addition to tumor, trauma, and infection, also review the management of congenital spine disease—conspicuously little is said about the most common late 20th-century indication for laminectomy: degenerative spine disease. The tardy development of a treatment for degenerative spine disease should be understood in the larger context of 19th and early 20th century knowledge of spinal pathology.


Unlike degenerative disease, tumor, trauma, and infection were already well-known in antiquity. Although the concept of localization of function in the nervous system was undeveloped during the 19th century, the diagnosis and localization of tumor, trauma, and infection, particularly in their late stages, was not especially difficult. Degenerative disease, on the other hand, possessed a more subtle pathophysiology that was not as easily characterized, especially without the help of radiography. Thus, recognition of degenerative spine disease eluded the 19th-century surgeon. This tardy appreciation for the clinical, surgical, and pathologic importance of degenerative spine disease deserves further mention.









Laminectomy for Intervertebral Disc Herniation


Intervertebral disc pathology was first described by Rudolph Virchow47 in 1857 (Fig. 1-8). Virchow’s description of a fractured disc was made at autopsy on a patient who had suffered a traumatic injury.
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FIGURE 1-8 Rudolph Virchow.




In 1896, the Swiss surgeon T. Kocher48,49 identified and described a traumatic disc rupture at autopsy of a patient who had fallen 100 feet and landed on her feet. Although Kocher recognized that the L1-2 disc was displaced dorsally, no clinical correlation was suggested.


The first transdural intervertebral discectomy was reported by Oppenheim and Krause50 in 1908. However, they reported the disc as “enchondroma.”


In 1911, George Middleton,51 a practicing physician, and John Teacher, a Glasgow University pathologist, described two cases of ruptured intervertebral disc observed at autopsy. Like Virchow and Kocher before them, however, Middleton and Teacher, although they described the pathology, failed to postulate its connection with radiculopathy or back pain.


In 1911, Joel Goldthwaite52 made this connection. In an article on the lumbosacral articulation, Goldthwaite described and illustrated how weakening of the annulus fibrosus could result in dorsal displacement of the nucleus pulposus. The nucleus pulposus, he argued, could in turn result in low back pain and paraparesis. What eluded Goldthwaite and the surgeons before him, however, was the connection between a herniated disc and radiculopathy.


In a 1929 issue of the Archives of Surgery, Walter E. Dandy53 published a description of two cases of herniated lumbar discs causing a cauda equina syndrome (Fig. 1-9). Dandy correctly described how “loose cartilage from the intervertebral disc” produced the symptoms of cauda equina compression that were relieved alter surgical decompression. He considered that in the second decade of the 20th century, more than 20 years after the first spinal fusion operations, intervertebral disc disease could be added to the list of indications for decompressive laminectomy.
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FIGURE 1-9 Walter E. Dandy.




Despite the several aforementioned publications on intervertebral disc herniation, the concept of disc herniation and its relationship to radiculopathy was defined by Mixter and Barr.


Several studies were performed in North America, but an anatomic, radiologic, and microscopic study was performed on 5000 human spines in the Dresden Pathology Institute by Schmorl and Junghanns. The results of this study were published in a book entitled The Human Spine in Health and Disease. In 1932, Barr, an orthopedic surgeon from Massachusetts General Hospital, was assigned to write a critique of this study.


In June of 1932, Barr attempted to treat a patient with an extruded disc herniation. Following a 2-week unsuccessful course of nonoperational treatment, Barr consulted with Mixter. Mixter recommended a myelogram. The myelogram revealed a filling defect. Mixter subsequently operated on the patient and removed the “tumor.” Barr studied the “tumor” specimens. Because he contributed to Schmorl’s study published in German, Barr remembered the microscopic appearances in Schmorl’s study and realized that the specimen from this index patient was the nucleus pulposus. After this finding, Mixter, Barr, and Mallory (pathologist) reevaluated all the cases that were diagnosed (or misdiagnosed) as chondroma in recent years at Massachusetts General Hospital. They retrospectively diagnosed most of these cases as ruptured intervertebral discs. Mixter and Wilson operated on the first ruptured disc herniation diagnosed preoperatively on December 31, 1932. Mixter and Barr reported the case in New England Surgical Society in September 30, 1933.8,54,55


In the late 1930s Love56 from the Mayo Clinic reported on an extradural laminectomy technique. In 1967, Yasargil57 used the microscope for discectomy. The first results of the lumbar microdiscectomy were reported by Yasargil57 and Caspar.58









Laminectomy for Cervical Disc Herniation


In 1905 Watson and Paul59 performed a negative exploration for cervical spinal cord tumor. They found an anterior extradural mass in the intervertebral disc at autopsy. This may be the first reported case of cervical disc herniation. The first dorsal approach was performed by Elsberg60 in 1925. He found a “chondroma” in a quadriparetic patient.









Laminectomy for Spinal Stenosis


Unlike the herniated intervertebral disc, the stenotic spinal canal was described comparatively early in the 19th century. Portal,61 in 1803, observed that a small spinal canal may be causally related to spinal cord compression, leading to paraplegia. No clinical reports of this entity were published, however, until 1893 when William A. Lane62 described the case of a woman aged 35 years with a progressive paraplegia and a degenerative spondylolisthesis. The patient improved after a decompressive laminectomy.


Further demonstration of the efficacy of decompressive laminectomy for spinal stenosis came from Sachs and Frankel63 in 1900. They published an account of a man aged 48 years with neurogenic claudication and spinal stenosis whose symptoms improved after a two-level laminectomy. Recognition of the degenerative nature of the clinical entity of spinal stenosis was established by Bailey and Casamajor64,65 in 1911 in a report on a patient who was successfully decompressed by Charles Elsberg. In his 1916 textbook, Elsberg46 later wrote, “a spinal operation may finally be required in some cases of arthritis or spondylitis on account of compression of the nerve roots or the cord by new-formed bone. . . .”


In 1945, Dr. Sarpyener, a Turkish orthopedic surgeon, described congenital lumbar spinal stenosis.66 This report was followed by a report on adult spinal stenosis from Dr. Verbiest.67 In 1973 Hattori68 described the technique of laminoplasty.





















Approaches to the Spine






Dorsolateral Approaches to the Spine


In 1779, Percival Pott described a condition involving spinal kyphosis and progressive paraplegia in a now-classic monograph titled “Remarks on that kind of palsy of the lower limbs which is frequently found to accompany a curvature of the spine and is supposed to be caused by it; together with its method of cure; etc.’’ (Fig. 1-10). For the management of this condition, which now bears his name, Pott recommended the use of a paraspinal incision to drain pus from the invariably present paraspinal abscess. For almost a century, this simple surgical procedure became a standard part of the treatment of Pott’s paraplegia.
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FIGURE 1-10 Percival Pott.




By the late 19th century, however, the laminectomy had received widespread acceptance as a safe and effective method of spinal decompression.69 This was in part related to the decrease in surgical mortality associated with the adoption of the Listerian methods beginning in the 1870s, and it was only natural then that the laminectomy would play a role in the management of Pott’s disease. As in many of its applications, however, disenchantment arose with the results of laminectomy, and alternative approaches were therefore sought.70 The most promising of these approaches was the so-called “costotransversectomy” of Ménard.






Ménard’s Costotransversectomy


Like many surgeons at the beginning of the 20th century, Ménard71 was disappointed by the surgical results from the laminectomy. In 1894, he described the costotransversectomy as an alternative method for achieving the goal of Pott, namely, drainage of the paraspinal abscess. The advantage of the costotransversectomy over the laminectomy lay in the improved exposure it provided of the lateral aspect of the vertebral column. The procedure was also known as the “drainage latéral,” emphasizing that the goal of the procedure was to drain the lateral, paravertebral tubercular abscess.


As described by Ménard, the costotransversectomy involved an incision overlying the rib that was located at the apex of the kyphos. The rib was then skeletonized and divided about 4 cm distal to the articulation with its corresponding vertebra, from which it was disarticulated and removed. These maneuvers provided access to the tuberculous focus, which was exposed and then decompressed directly (Fig. 1-11). Ménard did not intend to totally remove the lesion, but rather to simply decompress the abscess.
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FIGURE 1-11 Drainage of a tubercular abscess via the costotransversectomy of Ménard.


(From Ménard V: Causes de la paraplegia dans le mal de Pott. Son traitement chirurgical par I’ouverture direct du foyer tuberculeux des vertebras. Rev Orthop 5:47–64, 1894.)





The surgical results of Ménard’s costotransversectomy far surpassed the results obtained with the laminectomy. Ménard experienced several successes among his first few 23 cases, including significant motor improvement.72 Regrettably, these promising initial surgical results began to sour with time, as it became increasingly clear that two major complications were occurring with increasing frequency: postoperative development of secondary infection and the postoperative formation of draining sinus tracts. Both problems resulted from the opening up of the abscess. Because no antitubercular chemotherapeutic agents were available at the time, the consequences of the infections that ensued after surgery were frequently disastrous, resulting in significant surgical mortality. As Calot73 grimly put it in 1930, “The surgeon who, so far as tuberculosis is concerned, swears to remove the evil from the very root, will only find one result waiting him: the death of his patient.” The operation of Ménard thus fell into disrepute, and in time even Ménard abandoned it.









Capener’s Lateral Rhachotomy


Like Ménard, the English surgeon Norman Capener attempted to find a surgical solution to the problem of Pott’s paraplegia. Capener modified Ménard’s costotransversectomy in a procedure that he developed and began using in 1933, which was first reported by H. J. Seddon74 in 1935. Departing from the emphasis of Pott and Ménard, who simply decompressed the tubercular abscess, Capener attempted to directly remove the lesion, which typically consisted of a ventral mass of hardened material. To achieve his more radical goal of spinal decompression, Capener required a more lateral or ventral view of the vertebrae than was afforded by Ménard’s approach.


Capener’s solution was to adopt Ménard’s costotransversectomy but with this difference: whereas Ménard approached the spine via a trajectory that was medial to the erector spinae muscles, Capener75 transversely divided the muscles and retracted them rostrally and caudally (Fig. 1-12). He named his new approach the lateral rhachotomy to distinguish it from Ménard’s costotransversectomy. The simple change in dissection planes distinguishes these two techniques by producing a significantly different trajectory and surgical exposure. Although the operation was designed for the surgical treatment of Pott’s paraplegia, Capener later drew attention to the versatility of the approach and its appropriateness for a variety of pathologic processes, including “the exploration of spinal tumors, the relief of certain types of traumatic paraplegia, and the drainage of suppurative osteitis of the vertebral bodies.”75
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FIGURE 1-12 Dorsolateral exposure via Capener’s lateral rhachotomy. Note that the exposure requires a transverse division of the paraspinal muscles.


(From Capener N: The evolution of lateral rhachotomy. J Bone Joint Surg [Br] 36:173–179, 1954.)





It was perhaps unfortunate that for 19 years the only description of Capener’s lateral rhachotomy was in a single case report published by another surgeon.74 Not until 1954 did Capener himself describe the procedure, and even then he still chose not to publish the results of his 23 cases.75


In the interval between Seddon’s 1935 description of the lateral rhachotomy and Capener’s 1954 report of the same operation, the emergence of a new treatment, antitubercular chemotherapy, was to transform the history of the treatment of Pott’s paraplegia. In 1947, streptomycin first became available for clinical use. This was followed by the introduction of para-aminosalicylic acid (PAS) in 1949 and isoniazid (INH) in 1952. The effect of the introduction of these new chemotherapeutic agents on the treatment of tuberculosis was spectacular. With the addition of streptomycin alone, the average relapse rate of tuberculosis was decreased by 30% to 35%. Although the effect of antitubercular chemotherapy was not as substantial for the treatment of spinal tuberculosis as for the pulmonary form, its mere availability raised new questions about the optimal management of Pott’s paraplegia and, in particular, about the indications for surgical intervention.












Larson’s Lateral Extracavitary Approach


In 1976, Sanford J. Larson et al.76 at the Medical College of Wisconsin published an influential article that helped to popularize Capener’s lateral rhachotomy, which they modified and renamed the lateral extracavitary approach (Fig. 1-13). This approach has been used more for trauma and tumor than for tuberculosis. The technical difference that distinguishes the lateral rhachotomy from the lateral extracavitary approach lies primarily in the treatment of the paraspinous muscles.
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FIGURE 1-13 Sanford J. Larson.




Whereas the procedure of Capener involves transversely dividing these muscles and reflecting them rostrally and caudally, Larson’s procedure uses a surgical exposure with a trajectory ventral to the paraspinous muscles, which are then reflected medially to expose the ventrolateral aspect of the spine. Later in the procedure these muscles are redirected laterally to provide access for instrumentation of the dorsal aspect of the spine using the same surgical exposure as that for the ventrolateral approach. Although neurosurgeons, as spine surgeons, had traditionally emphasized spinal decompression over spinal stabilization, an essential aspect of the significance of Larson’s overall contribution to the discipline of spinal surgery lies in the fact that, as a neurosurgeon, he dedicated his career to the advancement of reconstructive spinal surgery.












Spinal Stabilization and Deformity Correction


The history of surgical stabilization and deformity correction must include a description of the birth and evolution of spinal fusion and spinal instrumentation. Special emphasis must be given to the role of spinal biomechanics and its influence on the development of internal fixation. Many factors hindered the development of surgical approaches to the decompression, stabilization, and deformity correction of the ventral spine. The development and mastery of the special techniques that were required to safely manage ventral spinal pathologies did not appear until after the beginning of the 20th century, in part because they depended on advances in anesthetic techniques and a more sophisticated approach to perioperative management.


Except for degenerative disease, the technique and indications for the decompressive laminectomy were well established by the turn of the 20th century. The idea of spinal decompression, previously the exclusive province of surgical pioneers, had demonstrated its clinical utility with results that fully justified its acceptance into standard surgical practice. However, the idea of decompression, which had dominated spinal surgery during the 19th century, did not exist alone. Indeed, before the dawn of the 20th century, attention had already turned to another surgical idea: spinal stabilization. Of course, many attempts at surgical stabilization of the unstable spine had been made during the 19th century and before. However, the ancient admonition that vertebral fractures constituted an “ailment not to be treated” was reinforced by the surgeon’s singular lack of success. And, thus, despite early attempts at spinal stabilization in the latter part of the 19th century, spinal decompression remained the primary indication for surgery of the spine, until World War II.


Recognition of the idea that compression of the neural elements, in cases of tumor, trauma, and infection, could be responsible for neurologic compromise was the crucial first step needed to develop the idea that spinal decompression could improve neurologic outcome. The invention of a technical means to achieve decompression, namely by laminectomy, represented the next necessary step in bringing this concept into clinical practice. Similarly, the idea of spinal stabilization arose from the observation that the unstable spine was at risk for the development of progressive deformity and that surgical intervention might prevent such deformities. Of course, bringing this concept into practice depended on achieving an adequate technical means. And, indeed, two technical advances were developed around the beginning of the 20th century that provided a means for spinal stabilization that would revolutionize the practice of modern spinal surgery.77









Birth and Development of Spinal Fusion and Spinal Instrumentation


Both spinal fusion and spinal instrumentation were born around the turn of the 20th century as methods of stabilizing the unstable spine. For many years, these two technical advances were developed and applied essentially independently, with results that were often complicated by pseudarthrosis. Early attempts at spinal instrumentation in particular failed to gain popularity because of their inability to maintain more than immediate spinal alignment. Spinal fusions were often used to achieve stabilization, but these also frequently suffered a similar fate: pseudarthrosis.78


By the 1960s, however, a half century of experience with spinal fusion and instrumentation suggested the concept of the “race between bony fusion and instrumentation failure.” The improved surgical results that arose from the application of this important surgical concept provided support for the successful strategy of combining spinal instrumentation with meticulous fusion.






Spinal Fusion


The idea of using spinal fusion for stabilization is attributed to Albee79 and Hibbs,80 who, in 1911, independently reported its use (Fig. 1-14). Although these early operations were performed to prevent progressive spinal deformation in patients with Pott’s disease, the procedure was later adopted in the management of scoliosis and traumatic fracture. The method of Hibbs, which was most frequently used, comprised harvesting an autologous bone graft from the laminae and overlaying the bone dorsally. Despite later improvements in this technique, however, such as the use of autologous iliac crest graft, the rate of pseudarthrosis, particularly in scoliosis, remained unacceptably high.81
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FIGURE 1-14 A, Fred Albee. B, Russell Hibbs.




In the 1920s Campbell82 described trisacral fusion and iliac crest grafting. In 1922, Kleinberg83 used xenograft for spinal fusion. Anterior lumbar interbody fusion (ALIF) was described by Burns84 in 1933, and posterior lumbar interbody fusion (PLIF) was performed by Cloward85 in 1940. In the late 1990s transforaminal lumbar interbody fusion (TLIF) was described. In 1959 Boucher described a different spine fusion method.86 In 1977 Callahan et al.87 used bone for lateral cervical facet fusion.


Several ventral cervical fusion techniques were described in the 1950s. Robinson and Smith88 described their technique in 1955, and Cloward89 described his cervical fusion technique in 1958.









Spinal Instrumentation and Clinical Biomechanics


Like spinal fusion, internal fixation was first applied around 1900. These early constructs used tension-band fixators that were applied dorsally, primarily in cases of trauma. The limitation of the constructs, however, soon became apparent because the metals they contained were subject to the corrosive effects of electrolysis.


With the introduction of vitallium by Venable and Stuck90 in the 1930s, a metal was found that was previously used successfully as a dental filling material and that had proven resistant to electrolysis (Fig. 1-15).91 Further attempts at internal fixation during the 1930s and 1940s included fixed-moment arm cantilever constructs. These also failed to maintain alignment.42,92,93
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FIGURE 1-15 Radiograph showing no bone changes in dog limb around vitallium screws (right), but erosion of bone around steel screws (left).


(From Venable CS, Stack WG, Beach A: The effects on bone of metals; based upon electrolysis. Ann Surg 105:917–938, 1937.)












F. W. Holdsworth


In the 1950s, the British orthopedic surgeon Sir Frank W. Holdsworth94 performed perhaps the first large systematic study of the problem of internal fixation for the treatment of posttraumatic fracture. Although the constructs he used, which employed cantilever beams attached to the spinous processes, were traditional, Holdsworth’s emphasis on patient selection brought the process of surgical spinal stabilization to a new, more sophisticated, level. His rationale for patient selection was based on a biomechanical definition of instability that he had derived from a study of a large number of spinal-injured patients.


In 1963, Holdsworth95 published his results and proposed a classification scheme of subaxial spinal fractures based on a two-column model of spinal stability. Four categories of fractures were identified on the basis of the mechanism of injury and on the presence or absence of spinal stability. The latter determination rested significantly on the integrity of the dorsal ligaments. Holdsworth categorized the fractures as follows:




1. Pure flexion: A pure flexion mechanism is usually associated with an intact dorsal ligamentous complex and no evidence of spinal instability. The vertebral body absorbs the greater part of the impact, and the result is a wedge compression fracture (Fig. 1-16A).


2. Flexion-rotation: A rotation or flexion-rotation mechanism causes disruption of the dorsal ligamentous complex and results in an unstable fracture-dislocation. It is usually associated with paraplegia (Fig. 1-16B).


3. Extension: An extension mechanism, which is usually stable, most frequently occurs in the cervical spine. It may be associated with a fracture of the dorsal elements, with an intact dorsal ligamentous complex (Fig. 1-16C).


4. Compression: A compression, or “burst,” fracture is caused by forces transmitted directly along the line of the vertebral bodies. All of the ligaments are usually intact, and the fracture tends to be stable (Fig. 1-16D).
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FIGURE 1-16 A, Wedge compression fracture of the vertebral body. Pure flexion mechanism. Note that the posterior ligamentous complex is intact. B, Rotational fracture-dislocation of the lumbar spine. The posterior ligamentous complex is disrupted. This is a very unstable injury. C, Extension injury. The anterior longitudinal ligament is ruptured. The posterior ligamentous complex is intact. D, Burst fracture. All ligaments are intact.


(From Holdsworth FW: Fractures, dislocations, and fracture-dislocation of the spine. J Bone Joint Surg [Br] 45:6–20, 1963.)





Holdsworth’s classification was important, as he himself observed, not as a biomechanical theory (although it was this too), but because it had implications for treatment. At around the same time that Holdsworth’s article appeared, several other classifications of spinal fractures were proposed. With the introduction of modern spinal biomechanics, a new era in spinal surgery had begun.96,97












Paul Harrington and the Birth of Modern Surgical Stabilization


In his 1891 report of a case of interspinous wiring for cervical fracture, Berthold Hadra98 considered in what circumstances his newly described procedure would be indicated (Fig. 1-17). Hadra concluded that his procedure might be indicated for “any deviation of a vertebra.”98 Despite the prescience of his innovation, the substance of Hadra’s comment is remarkable, not so much for what it contains, as for what is missing from it; namely, any hint of consideration of biomechanical principles. When one considers the importance of biomechanical principles in Holdsworth’s 1963 classification of spinal fractures, Hadra’s early 20th-century approach to spinal stabilization serves to underline how much progress was made in the interval. The significance of this new (biomechanical) approach to spinal stabilization, which was heralded by Holdsworth, was brought home in the 1960s with the work of the father of modern spinal stabilization, Paul Harrington (Fig. 1-18).
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FIGURE 1-17 Berthold Hadra.
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FIGURE 1-18 Paul Harrington.




In 1945, after military service in World War II, Paul Harrington99 entered into orthopedic practice in Houston, Texas. Within 2 years, Harrington was faced with the orthopedic problems of a large population of poliomyelitis patients, which at that time had reached epidemic proportions. The involvement of the trunk, which afflicted many of these patients, often resulted in scoliotic spinal deformity in association with cardiopulmonary compromise. The presence of cardiopulmonary compromise in a patient with scoliosis often meant that the standard cast corrective measures could not be applied safely. Furthermore, in 1941, the American Orthopaedic Association100 published a report on the results of treatment in 425 cases of idiopathic scoliosis. The report was quite discouraging. Among those patients treated by exercises and braces, but without spinal fusion, 60% progressed in their deformity and 40% remained unchanged. In another group of patients who underwent surgical correction and fusion, 25% (54 of 214) developed pseudarthrosis and 29% had lost all correction. Among the entire group, the end result for 69% was considered fair or poor, and only 31% were rated good to excellent. It was against this backdrop of dismal results from nonoperative treatment and dorsal spinal fusion that Harrington began his seminal work.


After an initial (unsuccessful) trial of internal fixation with facet screw instrumentation,101 the method was abandoned in favor of a combination of compression and distraction hooks and rods made of stainless steel. The advantages of these instruments in the establishment of deformity correction became obvious: for the first time in the history of spinal stabilization, spinal instruments provided compression, distraction, and three-point bending forces, which proved equally useful in deformity correction as they did in the maintenance of posttraumatic stability. Nineteen patients were observed during the early phase of Harrington’s investigation of dorsal instrumentation. The results of this investigation were published in 1962.99 The longevity of Harrington’s spinal instrumentation system, which remains in use today, is a testimony to both its safety and its efficacy.


Nevertheless, despite a frequent and gratifying correction of the poliomyelitis curvature, the loss of that correction was commonly discovered within 6 to 12 months after surgery. In part, the failure to maintain the alignment achieved at surgery was the result of frequent instrument failure, most commonly instrument fracture and disengagement of the hooks. However, more fundamentally, Harrington recognized that the concept of a dynamic correction system was inherently flawed: the complication of instrument failure would be far less significant if a spinal fusion could maintain the deformity correction achieved by the placement of the implant.102


The underlying principles that emerged from Harrington’s early failures, then, became clear: (1) because spinal instruments fail over time, they should be applied as a strictly temporary measure; and (2) after instrumentation failure, a successful spinal fusion will maintain stabilization. As a corollary to these principles, Harrington acknowledged that there is a “race between instrumentation failure and the acquisition of spinal fusion.” It stands to reason that if fusion is attained before instrumentation failure, the maintenance of deformity correction and stabilization will have been achieved. An understanding of the importance of a successful fusion in an instrumented spine is one of Harrington’s most significant contributions to spinal surgery and marks the birth of the modern era of spinal stabilization and deformity correction.









Ventral Approaches to the Spine


Dorsal decompression via the laminectomy had become well established by the turn of the 20th century and was codified by Charles Elsberg in his 1916 textbook, Diagnosis and Treatment of Surgical Diseases of the Spinal Cord and Its Membranes. Interestingly, whereas this period marked the culmination of dorsal decompression in spinal surgery, it also signified the beginning of procedures for dorsal stabilization and deformity correction, as pioneered by Hadra (1891), Albee (1911), and Hibbs (1911). The groundwork for further development in this area was laid with the classification scheme of spinal fractures by mechanism and stability, as initially proposed by Holdsworth in 1963. This introduction into clinical practice of the principles of spinal biomechanics is also found in the work of Harrington in the 1950s and 1960s in his development of a novel system of dorsal thoracolumbar instrumentation. Although Harrington later recognized the need to supplement his instrumentation with meticuluous spinal fusion, and many modifications and innovations have since been made in dorsal instrumentation, successful outcomes in dorsal decompression, stabilization, and deformity correction had been achieved by the 1960s.


Nothing, however, has been said so far about the achievement of these goals in the ventral spine, where a significant portion of spinal pathology is located. As it happens, the first successful interventions for stabilization of the ventral spine were achieved in the same time frame as the dorsal ones (i.e., in the first half of the 20th century). What is peculiar about surgery of the ventral spine is that a decompressive procedure must be accompanied almost invariably by simultaneous stabilization, which often includes measures taken to obtain deformity correction. Therefore, the history of the major goals of ventral spine surgery—that is, decompression, stabilization, and deformity correction—has been one of parallel developments, not serial ones, as was the case for the dorsal spine. In other words, the history of stabilization and deformity correction of the dorsal spine developed in the half century following the establishment of dorsal decompression. All three goals, in the ventral spine, were achieved during the same 50 years.






Ventral Decompression and Stabilization


The primary difficulty in applying ventral techniques to the spine was in the surgical approach. The relative technical ease and low morbidity associated with a dorsal approach to the dorsal spine provided ample opportunity for the early development of dorsal spinal techniques. By contrast, ventral approaches to the ventral spine required transgression of the abdomen or chest, which (similar to the head) up until the 1880s remained sanctuaries not to be opened, except by accident.18


In part, the late development of abdominal and thoracic surgery was a product of the problem of infection: cognizant of the morbidity and mortality related to hospital-acquired gangrene, few of those who entered a surgical ward in the 19th century did so with the hope of leaving alive. The reluctance to adopt the principles of antisepsis as first enunciated by Lister103 in 1867 and a slowness to accept its theoretical foundation—the germ theory of disease—meant delays for the development of abdominal and thoracic surgery. However, even after the practice of antiseptic surgery became generally accepted, early 20th-century surgeons still approached abdominal surgery with trepidation.


Anyone who would contemplate surgically violating the thoracic cavity had to grapple with the technical problem of the pressure relationships in the chest.104 Beginning in 1903, Ferdinand Sauerbruch of Breslau conducted a series of experiments that led to the development of an apparatus in which negative pressure for the open thorax could be maintained, and around 1910, endotracheal or insufflation anesthesia became available (Fig. 1-19). This alleviated one of the major technical difficulties confronted by would-be thoracic surgeons, but even then, good control of respiration by a reliable apparatus was not widely available until the late 1930s.
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FIGURE 1-19 An early version of Sauerbruch’s negative-pressure chamber.








W. Müller


The first report of a successful attempt to approach the ventral thoracic or lumbar spine is attributed to Müller.105 In 1906, Müller performed a transperitoneal approach to the lumbosacral spine in a patient with a suspected sarcoma. At operation, Müller found tuberculosis. Alter curetting the infected bone, Müller applied iodoform powder and closed. The surgical result was excellent. Notwithstanding the success of this initial operation, however, later attempts at the same procedure failed miserably. After several misadventures that ended in disaster, Müller was forced to abandon further attempts at a ventral exposure.









B. H. Burns


Perhaps the next published report of a successful ventral exposure did not appear until 1933, when the British surgeon B. H. Burns84 performed a ventral interbody fusion of the lumbosacral spine for an L5-S1 spondylolisthesis (Fig. 1-20). Before the Burns procedure, the only method available to stabilize an unstable spondylolisthesis was a dorsal fusion. However, the results of dorsal fusion for ventral instability, as Burns himself learned firsthand, proved unsound both in theory and in practice. Faced with a high incidence of failed dorsal fusions, Burns chose to take a transabdominal, transperitoneal approach to the lumbosacral spine, which he first investigated on three cadavers before operation. The first operation involved a 14-year-old boy who presented with low back pain and neurogenic claudication after jumping from a height. A radiograph of the lumbosacral spine showed an L5 spondylolysis and a grade II, L5-S1 spondylolisthesis. A tibial autograft was taken and was tamped into a hole drilled obliquely from L5 to S1. Convalescence was uneventful, and pain relief was achieved, even on ambulation at 2 months postoperatively.
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FIGURE 1-20 A, Lateral radiograph of lumbar spine showing the graft placement in B. H. Burns’s operation for spondylolisthesis.


B, Illustration of Burns’s operation. Ventral view.


(A, From Burns BH: An operation for spondylolisthesis. Lancet 1:1233, 1933, with permission.)











Ito and Others


Like the landmark operations of Albee and Hibbs, the first reported series of ventral spinal operations comprised a group of surgical treatments for spinal tuberculosis. In their 1934 article, “A New Radical Operation for Pott’s Disease,” Ito et al.106 observed that the surgical stabilization procedure described by Albee and Hibbs did not differ significantly from nonoperative immobilization; the goal in both instances was to rest and unload the diseased spine. Ito, on the other hand, a professor of orthopedic surgery from Kyoto, Japan, proposed a decompressive procedure, which he believed provided a definitive surgical treatment.


Of course, the obstacles that Ito confronted in devising a ventral approach to the spine were considerable. In addition to the obvious anatomic obstacles, all early 20th-century spine surgeons faced the seemingly intractable problem of infection. Although postoperative infections posed major difficulties for the development of (clean) abdominal and thoracic surgical procedures, these difficulties were compounded when the surgical indication was infection, as in the case of Pott’s disease. Indeed, previous attempts to surgically decompress tuberculosis of the ventral spine via a lateral approach (i.e., a costotransversectomy) met with a high incidence of complications from postoperative secondary infection, permanent fistulas, or persistent spinal tuberculosis resulting from incomplete removal of infected bone.49,71,107,108


In part, these operations failed because they were performed prior to 1910, in the age of antiseptic, rather than aseptic, surgery. Perhaps they also failed in part because they predated the introduction of antimicrobial chemotherapy. However, the unsatisfactory results that these operations yielded was also importantly attributed to the poor surgical exposure of the vertebral bodies that the lateral approach provided. Recognizing this, Ito proposed a decompression operation that would adequately resect infected vertebrae in order to fully eradicate the presence of tuberculosis in the spine. Drawing on experience with the transabdominal approach, which he had previously used for another purpose, Ito reported his operative technique and surgical results on 10 patients with moderately advanced Pott’s disease. The possibility of approaching the ventral spine occurred to Ito et al. after repeated operations using their original technique for lumbosacral sympathetic ganglionectomy. In 1923, Ito and Asaini109 originated this technique for the purpose of improving lower extremity circulation and reported their results to the Japanese Surgical Society in 1925. The technique was subsequently modified to provide an extraperitoneal approach to the lumbar spine and was adopted for their radical operation for Pott’s disease (Fig. 1-21).
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FIGURE 1-21 Extraperitoneal exposure of the body of the lumbar vertebra and resection of the body with a chisel.


(From Ito H, Tsuchiya J, Asaini G: A new radical operation for Pott’s disease. J Bone Joint Surg 16:499–515, 1934.)





Ito et al.’s work was beneficial for several reasons. First, they recognized the need to address the pathology directly, despite the technical difficulties that such an approach presented. Second, at a time when the major surgical treatment for Pott’s disease was dorsal fusion, Ito proposed a radical new surgical therapy: decompression. An attempt to eradicate spinal infection by surgical decompression represented an alternative approach to the standard stabilization procedure originated by Albee and Hibbs. In another sense, the idea of decompression harkened back to the 19th-century laminectomy for Pott’s disease, which was largely abandoned because of disappointing results, after the introduction of dorsal spinal fusion.110 Finally, Ito recognized the need, and established the technique, for stabilizing the spine, which, if not already unstable, was certainly rendered unstable by resection of the major load-bearing element. He accomplished this goal by fashioning a ventral interbody fusion, which both provided significant stability and facilitated spinal fusion (Fig. 1-22). However, despite Ito’s successes—all except 2 of his 10 cases showed a healing by primary intention and despite his acknowledgment of the inadequacies of the dorsolateral approach—Ito himself used the costotransversectomy approach in the 2 cases of thoracic Pott’s disease included in his series.
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FIGURE 1-22 Schematic illustration of the insertion of ventral bone graft.


(From Ito H, Tsuchiya J, Asaini G: A new radical operation for Pott’s disease. J Bone Joint Surg 16:499–515, 1934.)












Hodgson and Stock


Thus, it fell to another group of surgeons treating Pott’s disease to develop a true ventral approach to the thoracic spine. In 1956, Hodgson and Stock111 published their first report on ventral spinal fusion for Pott’s disease. These authors acknowledged the contributions of Ito et al., and they repeated Ito’s assessment of the restricted field of view afforded by the costotransversectomy. They noted that this field of view provided insufficient exposure to determine the extent of the lesion or to confidently undertake its complete resection. What is more, the limited exposure of the costotransversectomy left no room to accurately insert a ventral bone graft, which they considered offered the best chance for fusion because the bone graft would be placed in a compression mode.


Hodgson and Stock also joined Ito et al. in emphasizing decompression, rather than simple stabilization, as a method to arrest further vertebral destruction (which may be responsible for neural element compression and progressive kyphotic deformity), and as a means to eradicate the spinal focus of disease. Their approach to the thoracic spine via a thoracotomy, the first significant series of such an approach described, was facilitated by developments in the medical management of tuberculosis, including the introduction of chemotherapeutic agents (not available to Ito et al.), and safer, more effective anesthetic techniques. The benefits of this approach, then, despite its technical difficulties, were incontrovertible; it facilitated decompression, stabilization, and deformity correction through a single incision and surgical exposure, providing excellent neurologic and anatomic results. The authors took account of the unique anatomic features of the cervicothoracic and thoracolumbar junctions, where the approach was appropriately modified.















Ventral Deformity Reduction and the Development of Ventral Instrumentation


The contributions of Burns, Ito and associates, and Hodgson and Stock were seminal in the history of spinal surgery. They opened new vistas in the management of spinal pathologies, and their techniques were later applied to an increasingly wide range of pathologic conditions, including tumor, trauma, disc disease, and spinal deformity. The methods of Ito and associates were particularly prescient. They accomplished, with a single incision, the goals of both decompression and spinal stabilization, and they achieved both of these goals in the most effective possible manner. The establishment of deformity correction was addressed in the report by Hodgson, who confronted the problem of severe kyphotic deformity causing cardiopulmonary compromise.


On a larger scale, however, the problem of progressive spinal deformity did not receive the attention of these early authors, and no method of ventral internal fixation was yet available to spinal surgeons who wished to establish and maintain a deformity correction via a ventral approach. As mentioned, Paul Harrington addressed the problem of scoliotic deformity by the development of dorsal thoracolumbar distraction rods in the 1960s, and in doing so he initiated the modern instrumentation revolution.


Harrington’s method of scoliosis reduction was based on the principle of lengthening the short (concave) side of the curve. After the introduction of a meticulous fusion technique to supplement the immediate rigid internal fixation achieved by the implant, the Harrington instrumentation system proved both a safe and effective corrective measure, an assessment that is corroborated by its long and successful history of clinical application. Nevertheless, the principle of simple dorsal distraction had its drawbacks. First, the Harrington method requires that the fusion be extended at least two levels above and below the extent of the spinal curvature, thus decreasing mobility in otherwise normal spinal motion segments. Second, in most instances, the distribution of force application with the Harrington instrumentation system is uneven, such that the total force applied is borne only by the two vertebrae attached to the upper and lower hooks. Finally, for patients who require a simultaneous ventral decompression and dorsal stabilization procedure, this could be accomplished only through a two-stage operation involving two separate incisions and surgical exposures. Thus, the arrival of a ventral instrumentation system, introduced by Dwyer et al.112 in 1969, proved an important addition to the spinal surgeon’s surgical armamentarium.









A. F. Dwyer


A. F. Dwyer was an orthopedic surgeon from Australia who appears to have originated his method in an effort to provide an alternative to the Harrington technique for treating scoliotic deformity reduction. In his initial report of 1969, Dwyer described a method of ventral instrumentation in which compressive forces are applied to the convex side of the curve at each segmental level. The technique comprises excision of the discs at the motion segments involved and the insertion of vertebral body screws into the convex aspect of the curve. A titanium cable is then threaded through the heads of the inserted screws and tension is applied, providing corrective bending moments at the intervertebral spaces. The tension is maintained by swaging the threaded cable on the screw heads (Fig. 1-23).
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FIGURE 1-23 Dwyer’s ventral short segment fixation device.


(From Dwyer AF, Schafer MF: Anterior approach to scoliosis. Results of treatment in fifty-one cases. J Bone Joint Surg [Br] 56:218–224, 1974.).





In a follow-up article published in 1974, Dwyer and Schafer113 reported their results of treatment in 51 cases, which demonstrated a generally favorable record of deformity correction and only a 4% rate of pseudarthrosis.79 Furthermore, some of the disadvantages of the Harrington dorsal instrumentation system were overcome—fusion could be restricted to the motion segments of the curve only; the load borne by the instrumentation device was evenly distributed over the curve; and the exposure necessary for ventral decompression, stabilization, and deformity correction was achieved using a single incision. Although the initial enthusiasm for the Dwyer device was later diminished by the recognition that it encouraged the tendency of the spine toward progressive kyphosis and that it provided no resistance to axial loading, the generally successful application of this ventral instrumentation system stimulated the development of additional ventral implants, such as the instrumentation systems of Zielke and Pellin114 and Kaneda and associates.115















Spine Imaging


The diagnosis of the spinal processes could be performed via different diagnostic methods, including plain file radiography, myelography, discography, computed tomography, and magnetic resonance imaging.


X-rays were discovered by Conrad Roentgen (1845–1923).116 Roentgen, working in Würzburg University, invented the x-ray tube on 8 November 1895. This introduced a new era in the field of medicine. Radiographic imaging using x-rays is now a routine part of diagnostic techniques worldwide. Roentgen was awarded the first Nobel Prize in Physics for his discovery.


The invention of plain film radiography quickly changed diagnostic algorithms. Sicard and Forestier were injecting the radiopaque contrast medium Lipiodol into facet joints during the first World War.117 In 1920, an incidental injection of contrast medium into the dural sac (instead of the facet joint) provided the first myelogram. In 1942, Steinhausen recommended the use of iodophenylundecylic acid (Pantopaque). Hence, Pantopaque myelography was used routinely for the diagnosis of spinal tumors and disc disorders for decades.118 Since the 1970s, new contrast media such as Thorotrast, Conray, Dimeray, and Metrizamid have been used for myelography.


Discography has been used since its introduction by Lindblom.119 It was widely used for both lumbar and cervical imaging throughout 1950s and 1960s. The invention of CT decreased its popularity. After the introduction of spine MRI, however, discography had a resurgence with an increased interest in the black disc, high-intensity zones, and discogenic pain.


In 1972, Oldendorf, Hounsfield, and Ambrose reported the successful use of CT for diagnosing spinal disorders.120,121 With this invention, Hounsfield was awarded the Nobel Prize for Physiology or Medicine in 1979. Soon thereafter, Damadian invented the MRI scanner.122









Summary


The technical accomplishment of performing surgery on the ventral spine provides perhaps a useful marker for the endpoint of the history of “early modern” spinal surgery. By 1970, it may be argued, the basic groundwork had been laid for the subsequent advances, particularly in spinal instrumentation, that have been made over the last 25 years. These advances include an emphasis on location-appropriate decompression; the development of segmental spinal instrumentation by E. R. Luque in the early 1970s,123-126 the refinement and proliferation of pedicular instrumentation techniques, first described by Harrington in 1969,127,128 the introduction of universal spinal instrumentation by Cotrel and associates,129 the further development of ventral thoracolumbar instrumentation by Zielke, Kostuik,130 and Kaneda; the introduction of ventral cervical instrumentation by Caspar and associates in 1989;131 and, most recently, the application of endoscopic techniques.132


In conclusion, this essay has sought to organize and present the history of spinal surgery as a series of attempts to improve the surgeon’s ability to more safely and effectively achieve spinal decompression, stabilization, and deformity correction—the three major goals of spinal surgery. The occasionally formidable obstacles encountered by those surgeons who have participated in this century-long odyssey were frequently managed, if not overcome, by concentrated and indefatigable effort. Alas, many of the same obstacles that faced the early spinal surgeons—including blood loss, pseudarthosis, instrumentation failure, and neurologic injury—continue to challenge and vex even the best-equipped contemporary spinal surgeons.
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Chapter 2 History of Spinal Instrumentation


The Modern Era




Kushagra Verma, John K. Houten, Thomas J. Errico





The use of internal fixation as a tool for both stabilization and correction of deformity was a major advance in modern spinal surgery. A wide experience in the use of internal fixation in the treatment of the appendicular skeleton was extrapolated to the axial skeleton. This experience has culminated in the wide range of surgical implants currently available to the modern spinal surgeon. A thorough knowledge of the evolution of spinal instrumentation should yield a better understanding of both present and future developments.






Dorsal Thoracolumbar Instrumentation


In 1975, the Harrington rod represented the state of the art in spinal instrumentation. The rod system, originally developed by Paul Harrington for the correction of spinal deformities, was soon used in the treatment of traumatic injuries1,2 (Fig. 2-1), degenerative disease,3 and metastatic disease.4,5 The system provided distraction rods as well as compression rods and hooks. Over the years, however, their widespread use led to recognition of their limitations. The use of a distraction system provided excellent correction of coronal plane deformities (scoliosis). Unfortunately, the use of distraction as the sole correction tool resulted in the loss of normal sagittal plane alignment. The loss of normal lumbar lordosis was associated with “flat back syndrome.”6,7 Hook dislodgement and rod breakage also proved to be troublesome complications.8,9 In addition, casting or bracing was generally required in the postoperative period, which proved to be difficult or impractical in some patients.10





[image: image]

FIGURE 2-1 Anteroposterior (A) and lateral (B) radiographs after surgical stabilization of a burst fracture of L3 with Harrington rod internal fixation.




In response to the difficulties encountered with Harrington rods, Eduardo Luque advanced a major concept in the mid-1970s that quietly pushed forward the future direction of spinal instrumentation: segmental spinal fixation. The issue of bracing was of particular importance to Luque. Practicing in the warm climate of Mexico City, it was difficult for Luque, from a practical standpoint, to use the postoperative casting required in Harrington rod instrumentation. In addition, a large number of his patients, who were from homes of low socioeconomic status, would travel a great distance to seek treatment and would not comply with bracing or became lost to follow-up.


Luque popularized the use of a [image: image]-inch steel rod secured at each spinal level with sublaminar wires (Fig. 2-2). Luque reasoned that increasing the number of fixation points along a construct would reduce the force placed upon each individual point and obviate the need for a postoperative cast or brace. Additional beneficial effects of segmental fixation were that it increased the potential corrective power of instrumentation, reduced the potential for construct failure, and resulted in improved fusion rates.
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FIGURE 2-2 Anteroposterior (A) and lateral (B) radiographs after surgical stabilization of a burst fracture of L3 with segmental sublaminar wire fixation to an angled rod using the technique described by Eduardo Luque.




The concept of segmental fixation to a contoured rod was widely embraced because it produced greater construct rigidity and allowed for improved control of the sagittal plane. Sublaminar wires were adopted by some users of Harrington rod instrumentation. A hybrid form of Paul Harrington’s technique (from Texas) and Eduardo Luque’s technique (from Mexico) was sometimes referred to as the “Tex-Mex” operation.


Although the corrective power of sublaminar wires was well-appreciated, many surgeons had reservations in using them because of reports of neurologic injury resulting either from direct trauma or from epidural hematoma.11,12 In addition, revision surgery to alter sublaminar wiring is problematic because scarring may preclude the passage of new wires at the same laminae. In response to these concerns, Drummond et al.13 developed a method for segmental fixation using a button-wire implant passed through the base of the spinous process. This technique does not provide as strong fixation as do sublaminar wires. It avoids, however, passing anything into the spinal canal and thus reduces the risk of direct neurologic injury. This compromise of fixation for less risk of neurologic injury was seen as a prudent choice by many surgeons operating on healthy, neurologically normal adolescents with idiopathic scoliosis. Nevertheless, some pundits referred to the procedure as the “chicken-Luque” procedure.


Increasingly sophisticated multiple hook-rod systems appeared in the 1980s that provided much of the strength of wire fixation but with greater flexibility to address deformities in both the sagittal and the coronal dimensions. The Cotrel Dubousset (CD) system was introduced into the United States in 1986 using a ¼-inch rough-surfaced rod.14 Multiple hooks allowed spinal surgeons to apply compression and distraction over different areas within the same rod. The multiple-hook design applied the principles of segmental fixation without the need for sublaminar wires. Significantly, the system provided for a unique mechanism for deformity correction: rod rotation. This proved a powerful force in the correction of scoliosis. Further stability was provided by cross-linking the two parallel rods together.


The advantages of the CD system were partially offset, however, by the difficulty of removing it. The locking mechanism of the hooks was irreversible without destroying the hook or cutting the rod. The Texas Scottish Rite Hospital (TSRH) system was a design advance that addressed the issue of revision surgery. It was similar to the CD system in its use of multiple hooks and cross links but was designed to allow for the removal of the system’s individual components if necessary. Although the features of the TSRH system simplified revision surgery, the top-loading side-tightened system was not universally appreciated. After maturation of the fusion mass, the side-tightened bolts were not always accessible. The following decade saw the introduction of numerous, similar dual-rod systems like Moss-Miami and Isola.6,15 The major variations revolved around the leading and locking mechanisms: side loading, top loading, side tightening, or top tightening. The last decade has seen the introduction of numerous systems that operate with the same design principles, with a shift toward the use of polyaxial screws that make coupling of the fixation points to the rods easier. Today’s systems often have a wide range of screw choices, including monoaxial, polyaxial, uniaxial (screws that are mobile in only one plane to allow for better derotation), as well as monaxial, polyaxial, and uniaxial reduction screws (screws with extended tabs, which allow gradual reduction of the rod into the body of the screw).


A major advance provided by these spinal systems was the exploitation of the pedicle as a site for segmental fixation. This innovation is generally credited to Roy-Camille of Paris. Roy-Camille performed his first operation in 1963 but did not publish the results until 1970.16 Pedicle screws presented many advantages when compared with other tools for spinal fixation. Pedicle screws are biomechanically superior as a point of fixation17 compared with hook- or wire-rod constructs and can be placed into the sacrum, an area to which fixation is otherwise difficult. In addition, they can be placed even after a laminectomy has been performed and can be positioned without entering the spinal canal.18 This advantage allowed for the massive proliferation of spinal instrumentation into the area of degenerative spinal disorders. Prior to the advent of pedicle-screw instrumentation systems, there had been only sporadic reports of the use of instrumentation for degenerative spinal disorders. The Knodt rod (a small distraction rod system) had been used previously in degenerative disease but was associated with localized loss of lordosis and device dislodgement. In addition, the system needed some lamina for device fixation. Pedicle-screw systems, however, can be used after a total laminectomy.


Arthur Steffee popularized the use of pedicle screws in the United States in 1984 using a contourable plate. At about the same time, a screw-rod system, developed by Yves Cotrel of France, was in use in Europe that became incorporated into the “Universal” CD system. Controversy soon followed, with both the screw-plate and screw-rod constructs developing a group of proponents.19 Proponents of plates noted that plates were stronger. Most surgeons were ultimately attracted, however, to rods because their use provides greater flexibility, reduces encroachment upon the adjacent facet joints, and leaves more surface area for fusion. The marriage of the long dual-rod constructs to lumbar pedicle screws was an important development that enhanced the surgeon’s ability to accomplish increasingly difficult and complex spinal reconstructions. The use of the polyaxial pedicle screw has further advanced the ease of spinal reconstructions.


In recent years, there has been an interest in developing dynamic stabilization systems for degenerative diseases. The impetus for these systems arises from clinical evidence suggesting that 100% spinal fusion does not correlate with good clinical outcomes, which may range from 60% to 80%.20 Spinal fusion may also have kinematic and kinetic consequences at adjacent segments that may increase the rate of adjacent level degeneration.21 Dynamic stabilization systems aim to restore functional stability while maintaining intersegmental motion.


The most notable advancements in pedicle screw-rod based systems are the Graf ligmentoplasty system, the Isobar TTL Semi-rigid spinal system (Scient’X, West Chester, PA), and the Dynesys system (Zimmer Spine, Minneapolis, MN). The Isobar TTL and the Dynesys have Food and Drug Administration (FDA) approval as an adjunct to fusion, but to date none of these systems have been approved as a dynamic stabilizer (i.e., without fusion).20-24 The Dynesys system was the only device to undergo an FDA Investigational Device Exemptions (IDE) study as a dynamic stabilizer. The system is composed of titanium pedicle screws connected via a terephthalate cord and polycarbonate spacer. Several authors have recently reported mostly favorable results with a variable incidence of complications.25-31 At the time of this writing, no system has demonstrated enough evidence to justify widespread use or to be the gold standard.


Interspinous devices that increase the intervertebral space have also been developed to treat a myriad of degenerative conditions. These devices can be categorized as static or dynamic.32 The most noteworthy static devices include the X STOP (Saint Francis Medical Technologies Inc., Alameda, CA), ExtenSure (NuVasive Inc., San Diego, CA), and Wallis implants (Abbott Spine, Austin, TX). Of these, the X STOP and the ExtenSure implants have been FDA approved for general use.33 The X STOP has an oblong central core that is stabilized by two lateral wings (Fig. 2-3). The primary indication is mild or moderate neurogenic claudication from spinal stenosis. For dynamic interspinous devices, the Diam (Medtronic Sofamor Danek, Memphis, TN), Coflex (Paradigm Spine, New York, NY), and CoRoent (Nuvasive Inc., San Diego, CA) have been investigationally studied for use in the United States.34 Of these, only the Diam device has been FDA approved. It attaches at the spinous processes and behind the supraspinous ligament. At the time of writing, numerous dorsal thoracolumbar dynamic systems have been approved by the FDA for investigational use. Outcome data for these systems, however, has been extremely limited.
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FIGURE 2-3 Intraoperative (lateral) x-ray showing the X STOP spacer placed between the spinous processes. Device shown at top left.


(Neurosurg Focus ©2007 American Association of Neurological Surgeons.)












Ventral Thoracolumbar Instrumentation


Successful use of the Harrington instrumentation kindled interest in developing a ventral system to address neuromuscular scoliosis. Dwyer developed a ventral system for internal fixation using screws connected by a cable.35 Winter attempted a combined ventral and dorsal approach with Harrington and Dwyer instrumentation to treat painful adult idiopathic scoliosis.36 This concept was of particular interest in that these patients were at high risk for pseudarthrosis and tended to tolerate bracing less well than adolescents.36


The Zielke system, developed in 1975, was the next step in the development of ventral instrumentation. The Zielke device connected transvertebral screws with a threaded rod and nuts and was more rigid than the Dwyer cables. This added both strength and the capacity for incremental correction and derotation, permitting a more powerful correction. The Zielke system produced a lower pseudarthrosis rate and somewhat lower recurrence of the flat back syndrome. In spite of these benefits, the system had many shortcomings. The pseudarthrosis rate remained high when the system was used as a stand-alone device but was lowered with supplementation of dorsal fixation. This system also suffered from the tendency to shorten the ventral columns and to produce kyphosis.


The Dunn device was a ventral implant that consisted of two rods that spanned the distance between two vertebral body bridges: one placed ventrolaterally with a vertebral body staple and the other placed more dorsolaterally with an intervertebral body screw.37 This system was not widely accepted because it was bulky and was associated with vascular complications.38


The ventral Kostuik-Harrington instrumentation was an adaptation of short Harrington rods used in conjunction with a pedicle screw developed by Paul Harrington for use in treating myelomeningocele. Introduced by John Kostuik in the early 1980s, it was an innovative short-segment ventral fixation device. The screw, when placed ventrolaterally in the vertebral bodies, allows for short-segment ventral correction of the kyphotic deformity associated with burst fractures. A second neutralization rod was placed parallel to the first rod to enhance stability (Fig. 2-4). Over time, cross-fixators were added in an attempt to further enhance stability. Two parallel rods rigidly cross-linked are the biomechanical equivalent of a plate. Most ventral short-segment constructs subsequently used plates with vertebral body screws.
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FIGURE 2-4 A, Kostuik-Harrington screws and rods. Anteroposterior (B) and lateral (C) radiographs after surgical stabilization of a burst fracture of L4 with Kostuik-Harrington instrumentation.




Several other plate designs soon followed that had a lower profile. Ryan introduced a plate secured by a rostral and caudal bolt inserted through the vertebral body. The single-bolt design, however, offered less resistance to rotation than the designs that used two screws or bolts above and below.39 The Yuan I-Plate was an alternative design that consisted of a 3.5-mm stainless steel plate secured with transvertebral screws.40 Black et al.41 published their experience with a low-profile, rectangular, stainless steel plate with multiple holes that allowed for the placement of three screws at each vertebral level. The Kaneda device represented another stage in the development of ventral thoracolumbar instrumentation because it allowed reduction of kyphotic deformities after ventral decompression while providing good strength without incidence of vascular injury.38


The next generation of ventral plates, including the Z-Plate (Medtronic/Sofamor Danek, Memphis, TN) and the Anterior Thoracolumbar Locking Plate System (Synthes, Paoli, PA), further improved implant design by providing a lower profile and changing the composition to titanium alloys. In addition, the newer systems allow for both the distraction of kyphotic deformities and the compression of the graft.









Dorsal Cervical Instrumentation


The earliest methods to provide internal fixation for dorsal cervical fusions involved the use of spinous process wiring. These techniques, however, are limited in that they often do not provide adequate stiffness or sufficient resistance to rotational movement and extension and cannot be used when the spinous processes have been removed.


For internal fixation of C1-2, the Brooks and Gallie techniques use sublaminar wires to compress an autologous bone graft. Although these techniques are reported to be associated with high fusion rates, they have the disadvantages of potentially producing neurologic injury from the placement of sublaminar wires and the problem that wires may pull through osteoporotic bone. In addition, a small but persistent failure rate is associated with the Gallie fusion that may be caused by inadequate immobilization allowing for “grinding down” of the graft.


Several instrumentation systems were devised as adjuncts or alternatives to wiring. The Daab plate was a stainless-steel implant shaped like an elongated H that could be compressed at either end to fixate it to a spinous process.42,43 This instrumentation represented no significant advantage over the available wiring techniques, and it was probably inferior, considering that it typically needed the resection of an intervening spinous process and the associated interspinous ligaments.


Halifax clamps are a pair of upgoing and downgoing sublaminar hooks tightened together with a screw that is then secured in position with a locking mechanism (Fig. 2-5).43,44 Halifax clamps have the advantage of relatively simple and rapid application. In addition, the area of bone contact is broader than that with wiring and is less likely to pull out of soft bone. They offer C1-2 fixation comparable to that achieved with the Brooks technique.45 Relative disadvantages of the system are that hooks are introduced into the spinal canal and the implant is relatively “high profile” and has limited application when stabilization is needed over multiple segments.
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FIGURE 2-5 Postoperative lateral cervical radiograph demonstrating C1-2 internal fixation with Halifax clamps. In this patient, the dorsal clamps were placed to supplement fixation with C1-2 transarticular screws.




In the mid-1980s, Magerl introduced transarticular screw placement for internal fixation of C1-2. This is a technically demanding procedure compared with wiring, which achieves better C1-2 stability to flexion-extension and rotation46 than wiring procedures and is associated with the highest published C1-2 fusion rates.47 This technique is not always feasible if there is anatomic variation in the course of the vertebral artery, although there is still benefit in unilateral placement.38 Many practitioners supplement transarticular screws with dorsal instrumentation because broken screws have been seen when used as a stand-alone procedure.


Lateral mass plate fixation with screws was introduced by Roy-Camille et al.48 This technique of internal fixation is ideal in instances in which the laminae and spinous processes have been removed or fractured. The first technique for screw placement was modified by Magerl and Seeman,49 Heller et al.,50 and An et al.51 The original lateral mass plates were an application of preexisting bone plates with a distance of 13 mm between plate holes. The Haid Plate and Synthes reconstruction plates were soon marketed, each offering a choice of two interhole distances. These systems all suffered from insufficient versatility in accommodating the wide variety of interhole differences often needed.52 The AXIS system (Medtronic/Sofamor Danek, Memphis, TN) offers plate holes at intervals of 11, 13, and 15 mm and a slotted hole design to allow for limitless interhole variations as well as improved ability to contour the plates.


In recent years, numerous manufacturers have introduced lateral mass plate fixation systems. The most commonly used systems include the Cervifix system (Synthes Spine, Paoli, PA), Starlock instrumentation (Synthes Spine, Paoli, PA), Summit system (Depuy Acromed, Rayham, MA), and others. Advancements and design variations in lateral mass plate fixation have allowed the surgeon flexibility to address variations in anatomy beyond that offered by the AXIS system. Hybrid plate-rod implants are also available for occipital screw placement in occipito-cervical fusions.









Ventral Cervical Instrumentation


Since the first system was developed by Bohler in the mid-1960s, ventral cervical plating has become a popular means of supplementing a ventral cervical fusion.53 Early in the development of this instrumentation, the potential for screw backout was recognized as a possible cause of serious complications, including tracheal or esophageal erosion. The first systems widely available were the Caspar (Aesculap, San Francisco, CA) and the Orozco (Fig. 2-6) (Synthes, Paoli, PA). Both of these systems consisted of simple plates with slots or holes but without any locking devices. Constraint of the screws depended on obtaining bicortical purchase and “blocking” backout by screw angulation.
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FIGURE 2-6 Postoperative lateral cervical radiograph demonstrating ventral internal fixation with the Orozco plate.




The rate of screw backout or breakage and graft subsidence was high with the first generation of ventral cervical plates. This led to the development of the Cervical Spine Locking Plate (CSLP) (Synthes, Paoli, PA),54 first introduced in North America in 1991. The CSLP used a titanium expansion screw that secured the screwhead to the plate and, thus, allowed for unicortical purchase without the risk of screw backout. The substitution of titanium for stainless steel allowed for postoperative magnetic resonance imaging. The CSLP reduced the incidence of screw backout55; however, its limitations were a rigid screw trajectory and the fact that the plate was wide and difficult to contour.


The Orion ventral cervical plate (Medtronic/Sofamor Danek, Memphis, TN) represented the next major product introduction for ventral cervical plating. The plate was manufactured “prelordosed” with a wide variety of screw lengths to allow for unicortical or bicortical purchase. The drill guide was fixed to the plate, providing 15 degrees of rostral and caudal angulation and 6 degrees of medial angulation. Locking screws were added to fix the screws to the plate by overlapping the screw heads. Although the Orion plate was widely used and had good reported surgical results,56,57 some surgeons felt that the system was too rigid and shielded the graft from stress, thereby promoting a significant rate of pseudarthrosis.58


In response to the perceived deficiencies of rigid ventral plates, dynamic cervical plates have evolved to lower the incidence of graft subsidence and plate failure, while still limiting movement across the diseased segment.59 There are three main types of dynamic plates: longitudinal, translational, and telescoping. The longitudinal plate allows for toggling of the screw at the plate screw interface, but has the potential for screw loosening and pull-out. Longitudinal plates include the ACCS (Synthes Spine, Paoli, PA), Acufix (Abbott Spine, Austin, TX), Atlantic (Medtronic Sofamor Danek, Memphis, TN), Reflex (Stryker, Allendale, NJ), Slim-LOC (DePuy Spine, Raynham, MA), and Zephir (Medtronic Sofamor Danek, Memphis, TN).60 In contrast, translational plates have slotted screw holes that allow each screw and vertebra to slide in the axial plane. If improperly placed or with settling over time, translational plates may overlap adjacent disc spaces, leading to ossification and degeneration. Examples include the ABC (Aesculap, Tuttlingen, Germany), C-Tek (Biomet, Warsaw, IN), and Premier (Medtronic Sofamor Danek, Memphis, TN).60 Telescoping plates are designed to allow axial movement internally (Fig. 2-7). The most notable devices of this type are the DOC and the Swift (Depuy Spine, Raynham, MA). Although thicker in profile, these devices remain rigidly fixed to bone and therefore do not overlap with adjacent disc spaces. Lastly, hybrid constructs can be created in several ways by utilizing variable or rigidly fixed screws in combination with slotted or nonslotted plate holes.
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FIGURE 2-7 Anteroposterior (top) and lateral (bottom) views of the ABC Dynamic ventral cervical plate. The translational design allows for movement of the plate over the screw heads.


(Neurosurg Focus ©2004 American Association of Neurological Surgeons.)





Ventral fixation of odontoid fractures can be achieved with the placement of one or multiple screws. Although the technique was published in 1971 by Barbour,61 it did not achieve popularity until the late 1980s.62 Controversy developed over whether one or two screw placements is optimal for fixation.63 Several recent papers, however, have not shown improved results with multiple screw placement.64,65 Some surgeons have advocated the application of cannulated screws placed over Kirschner wires (K-wires) in this procedure, citing improved accuracy and the ability to redirect the screw trajectory as technical advantages. Other surgeons, however, prefer the original noncannulated screws, noting the potential risks of K-wire breakage as well as unintended K-wire advancement during screw placement.66









Total Disc Arthroplasty: Cervical and Lumbar


Cervical arthrodesis has been one of the most successful operations in orthopaedic surgery, with 95% of patients reporting significant improvement of symptoms following surgery.67 However, the rate of adjacent segment disease—as reported by Hilibrand et al.—is 2.9%/year, leading to a significant reoperation rate over the long term.68 Especially for younger patients with single- or two-level disc disease, motion preservation technology has emerged with hopes to improve outcomes and reduce the incidence of adjacent segment disease.


The Ulf Fernstrom ball bearing device was the first disc replacement method introduced in 1966, which was implanted in the cervical and lumbar spine with disappointing results. To date, the Bryan cervical disc, Prestige disc, and Pro-disc-C are the only cervical disc replacements that have received FDA approval in the United States. The Bryan cervical disc (Medtronic Sofamor Danek, Memphis, TN) consists of a two titanium shells separated by a polyurethane nucleus. Prospective randomized trials demonstrated some benefit of the Bryan disc over one- or two-level fusion in terms of reduced reoperation rate, improved outcome scores, and improved motion at the diseased segment. Complications were related to surgical technique, increased segmental kyphosis, or device failure.69-73 The newest Prestige ST implant (Medtronic Sofamor Danek, Memphis, TN) underwent a prospective randomized study comparing it with one-level spinal fusion. For patients implanted with the Prestige ST, the study reported improved resolution of neurologic symptoms, less revision procedures, and less revision surgery for adjacent segment disease.74 The Pro-disc-C (Synthes Spine, Paoli, PA) consists of two end plates of cobalt-chromium-molybdenum alloy with a central keel projecting into each end plate for stability (Fig. 2-8). A prospective randomized trial found no complications, fewer revision procedures, and improved clinical outcomes with the Pro-disc-C compared with spinal fusion for single-level disease.74 The newest cervical disc replacements with ongoing FDA IDE trials include the Porous Coated Motion (PCM) device (NuVasive, San Diego, CA) and the CerviCore device (Stryker, Allendale, NJ).74 The PCM is a two-piece device consisting of a cobalt-chrominium-molybdenum end plate with a polyethylene inner core. The CerviCore device, however, is a semiconstrained metal on metal prosthesis. The articulating surface is saddle-shaped, with two keels containing spikes on each end plate.
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FIGURE 2-8 ProDisc disc replacements: cervical (A) and lumbar (B). The central keel is utilized for stable fixation to the vertebral body.




Total disc replacements for the lumbar spine have also been developed for the same purpose. These devices may be constrained, semiconstrained, or unconstrained. Currently, two lumbar total disc prostheses—the ProDisc-L (Synthes Spine, Paoli, PA) and the SB Charite (DePuy Spine, Raynham, MA)—have FDA approval.75 The ProDisc-L, designed by Thierry Marnay, a French orthopaedic surgeon, is a semiconstrained device with a fixed center of rotation. The SB Charité disc was designed by Shellnac and ButtnerJans to have a sliding polyethylene core that moved with flexion and extension. At the time of writing, the Maverick (Medtronic Sofamor Danek, Memphis, TN) and the Flexicore (Stryker, Allendale, NJ) devices are awaiting FDA approval. The Maverick was designed by Le Huec et al. as a metal-on-metal ball-and-socket configuration.76 The Flexicore is also a metal-on-metal ball-and-socket joint with a semiconstrained designed and fixed center of rotation.









Cage Technology: Horizontal and Vertical


The development of cages to promote interbody fusion traces back to the veterinary work of Bagby in which stainless-steel baskets filled with bone were used to treat wobbler-neck syndrome in race horses.76 Bagby subsequently pioneered the development of a cage for use in human lumbar interbody fusions.77,78 The implantation of cages as an interbody device through either a ventral or dorsal approach has become a widely performed procedure. Horizontal titanium-threaded cages include the BAK cage (Sulzer Spine-Tech, Minneapolis, MN) and the Ray Threaded Fusion Cage (Surgical Dynamics, Norwalk, CT), both of which were designed to be stand-alone devices for the ventral column. Brantigan et al.79 Introduced cages composed of a radiolucent carbon fiber that allowed for improved postoperative imaging. It is also argued that the carbon fiber material has a modulus closer to that of native bone and, thus, should theoretically be a better fusion substrate than metal.79


Although the initial cage development was done for the cervical spine, the technology was first widely implemented in the lumbar spine. In April 2002, the FDA approved the use of the BAK-C device (Sulzer Spine-Tech, Minneapolis, MN) for cervical fusion.80 Recent experience with these implants has indicated that fusion rates are comparable to those seen after procedures using uninstrumented allograft.46


To facilitate ventral vertebral reconstruction after ventral and middle column resection, Harms developed a vertical titanium mesh cage that can be packed with bone and is seated into the end plates.50 This implant has found application in cases of vertebral body destruction resulting from metastatic disease, degenerative conditions, and trauma. The Harms cage was considered a valuable innovation even to those surgeons who preferred using struts made of allograft or autograft because a suitable bone graft is sometimes unavailable. At the time of writing, numerous manufacturers have now developed vertical cage implants of various sizes and materials. These vertical cage implants are most commonly used as ventral column support in combination with dorsal pedicle fixation either inserted ventrally or through a dorsal based interbody approach.









Minimally Invasive Approaches Utilizing Instrumentation


Recently, surgeons have employed minimally invasive approaches to the spine to minimize soft tissue disruption, recovery time, and scar appearance. Transforaminal lumbar interbody fusion (TLIF) has been used most commonly for grade 1 or grade 2 spondylolisthesis with radiculopathy, but also for discogenic back pain.75,81 Using tubular retractors, METRx (Medtronic Sofamor Danek, Memphis, TN), the technique allows for decompression of the ispilateral exiting and traversing nerve roots. Another emerging technique, extreme lateral interbody fusion (XLIF), has been employed for treating axial back pain but also spondylolisthesis and degenerative scoliosis. From the lateral approach, the spine is accessed through the retroperitoneal fat and psoas muscle using MaXcess tubular retractors (NuVasive Inc, San Diego, CA). For both procedures, preliminary results are promising, but longer-term results have yet to be reported. As with many novel techniques, these approaches have been limited by a steep learning curve.82 Numerous less invasive spinal instrumentation systems have also been developed for thoracic and lumbar dorsal spinal fusion. Rather than disrupting the paraspinal musculature, pedicle screws have been successfully placed percutaneously with a variety of systems. Under fluoroscopic visualization, tubular retractors are used to spread the paraspinal musculature over the pedicle. Placement of pedicle screws is generally accomplished with cannulated screws over a small guide wire. Placement of the rod or longitudinal connector may vary with the system. Many surgeons may also choose to use stimulated electromyographic neuromonitoring for additional safety.83


Kyphoplasty and vertebroplasty are minimally invasive percutaneous procedures that stabilize vertebral compression fractures. These have been indicated for chronic pain secondary to osteoporosis or osteolytic changes within a vertebral body. Vertebroplasty stabilizes a vertebral body fracture with injection of polymethylmethacrylate (PMMA) into the vertebral body, while kyphoplasty may also restore vertebral height by injecting the material within an inflatable device (KyphX, Medtronics Kyphon, Sunnyvale, CA) (Fig. 2-9).84 Kyphoplasty may afford a smaller risk for cement leakage and associated complications, but advocates of vertebroplasty have claimed that high-viscosity cement may also alleviate these risks at a much lower cost. Both options have been debated in terms of clinical efficacy and complication rate, which has been reported as 1% to 2% for osteoporotic fractures and 5% to 10% for metastatic lesions with either procedure. Complications related to cement extravasation include new fractures of adjacent levels, cord/root compression, subdural hematoma, and embolization.85
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FIGURE 2-9 KyphX inflatable device used to perform a kyphoplasty. The inflatable device is placed within the vertebral body and filled with cement.




Instrumentation through video-assisted thoracoscopic surgery (IVATS) has been used recently for thoracic scoliosis. The procedure allows for less disruption of the thoracic rib cage for removal of the disc spaces, release of ligamentous structures, and instrumentation with vertebral body screws and rods. Endoscopic hardware includes variable-angled thoracoscopes and specialized thoracospinal instruments (Medtronic Sofamor Danek, Memphis, TN). Although reducing blood loss and improving scar appearance, IVATS has been limited by increased operative times, ICU stays, and complication rates compared with dorsal spinal fusion.86,87 However, ventral release procedures without instrumentation remain a useful adjunct for scoliosis surgery.









Summary


The development of instrumentation for internal fixation of the spine has dramatically improved the surgeon’s ability to successfully provide surgical intervention for a wide variety of spinal disorders. Internal fixation leads to higher fusion rates and provides more powerful means of correcting spinal deformities. In addition, spinal instrumentation allows for reduction or elimination of the need for postoperative external bracing.


Over the past 35 years, there has been an amazing increase in the variety of instrumentation available to provide internal spinal fixation. Surgeons are now able to select a specific type of implant that is best suited to address an individual patient’s problem. In the last 10 years, there has been a greater interest in dynamic stabilization technologies and tools for minimally invasive surgery. An improved understanding of biomechanics and clinical experience with today’s instrumentation should promote further advancement in internal fixation and even better patient outcomes in the future.
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Chapter 3 History of Spine Biomechanics
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Biomechanics is the subdiscipline of spine surgery that employs the laws of physics to describe the motion of body segments and the internal and external forces that act upon them. Although the majority of advancements have occurred within the last two centuries, the field of spine biomechanics has evolved over thousands of years. Full appreciation of this field is predicated on a knowledge of the initial discoveries that established the fundamentals of the discipline. In this chapter, the history of spine biomechanics is presented by reviewing major figures in the history of spine surgery, anatomy, and physiology and focuses attention on contributions in biomechanics. Spinal biomechanics presupposes the existence of physics. Therefore, landmark discoveries in physics that later proved to be instrumental for theoretical concepts in spinal biomechanics are discussed as well.


The chapter goes through history in chronological order. Major movements can be conveniently divided into five major time periods with estimated time ranges: Preclassical antiquity (10000 bce–800 bce), classical antiquity (800 bce–500 ce), Middle Ages (500 ce–1500 ce), Renaissance/premodern era (1500–1900 ce), and modern age (1900 ce–present).






Preclassical Antiquity


The oldest known documents related to spine biomechanics were found in ancient Egypt and India. The Edwin Smith Papyrus—named after the American archeologist who purchased the scroll in 1862—is the only surviving copy of a portion of an Ancient Egyptian surgical text.1 The author is unknown, but postulated to be Imhotep, the well-known physician to the pharaoh. The surviving copy was scribed in 1700 bce, but the ideas represented date further back to at least the Egyptian Old Kingdom (2600–2200 bce).2,3 It contains the first reference to the concept of the spine as a bony column, termed the “djet” column.4 Among the 48 case presentations of trauma, 6 were cases of spine trauma. Not only does the papyrus contain descriptions of the devastating neurologic consequences of high cervical traumatic injury to the spinal cord, but it also details the first classification of spine trauma. Sehem represents vertebral axial failure (likely including both compression and burst fracture), whereas wenekh represents dislocation.3,5,6 Although there is evidence that the Egyptians understood the principle of reduction and immobilization for long bone fractures, they did not advocate treating spinal fractures due to the poor prognosis associated with them.


The oldest Indian reference available for spinal biomechanics is an ancient Hindu mythologic epic, Srimad Bhagwat Mahapuranam, written between 3500 bce and 1800 bce.7 The epic includes a description of Lord Krishna correcting the hunchback of one of his devotees by manually applying opposing axial forces on the lady’s chin and feet.8









Classical Antiquity






Mythologic Period


The early Greco-Roman period, from the Trojan War until the time of Hippocrates, continued the tradition of defining disease in terms of supernatural causes: if you were sick, it was because you displeased the gods. During this period, medicine was not clearly distinguishable from religion or mysticism. Asclepions were formal health care facilities established to honor Aesculapius, the god of health. Ailing visitors would come and while entering a meditation-like state (enkoimesis), would hope to be cured by the gods or by priest-physicians, who provided drug therapies and performed minor surgical procedures. Asclepions were opened in many cities, including Titan, Trika, Rhodes, Kos, Epidaurus, Athens, Alexandria, Tiber, and Pergamon.


Homer’s Iliad contains several references to spinal trauma: “Hector with his sharp spear struck Eioneus on the neck below the well-made helmet of bronze, and loosed his limbs.”9 The Greek word translated into “loosed” or “lysed,” probably forms the basis for the development of the term paralysis.10 Empedocles reported data from his studies of the spine in the fifth century bce. He suggested that the vertebrae were initially unified, forming a rigid spine, and that this solid osseous column subsequently segmented into pieces as a result of movements of the body.11,12









Scientific Period


During the scientific period, people gradually became skeptical of the notion of supernatural influence upon diseases and treatments. Hippocrates, the most important figure of this period, is the first physician to reject prevailing superstitions and beliefs and define disease in terms of natural causes; according to him, disease was due to an imbalance of four main bodily fluids, or humors: yellow bile, black bile, blood, and phlegm.






Hippocrates (460–377 bce)


Hippocrates was a priest-physician born on the island of Cos in 460 bce. He established an open-air school after he became prominent in the field of medicine. Hippocrates’ approach to medicine represented a watershed event for the development of medicine as a scientific discipline. His contributions span all subdisciplines of medicine. The Corpus Hippocraticum is a collection of 12 books authored by Hippocrates with contributions from his contemporaries.


Hippocrates made a careful study of the anatomy and pathology of the spine,12-14 (Fig. 3-1) separating the spinal vertebrae into three parts. The first part included the vertebrae lying above the level of the clavicle (including C7). The second part included the 12 vertebrae at the chest that articulated with ribs, the third part the 5 vertebrae between the chest and pelvis.13 The sacrum and coccyx were not included as components of the spine by Hippocrates. Hippocrates also described the natural curvature of the cervical and lumbar portions of the spine (although the terms lordosis and kyphosis were not introduced until Galen in second century ce).15 He used the term ithioscoliosis to describe the natural curves of the spine in the sagittal plane.13





[image: image]

FIGURE 3-1 Hippocrates described anatomy and diseases of the spine.




Hippocrates classified spinal disorders as follows: (1) kyphosis, including both traumatic and nontraumatic etiologies; (2) scoliosis; (3) burst fractures; (4) vertebral dislocations; and (5) fractures of the spinous processes.13 He cited spinal tuberculosis as the most common cause for kyphosis, noting that the severity of deformity was greater when it occurred before puberty. Hippocrates was the first to relate traumatic spinal deformities to causative force mechanisms. He found that traumatic kyphosis could result from forceful falls on the shoulder or buttock.5 He correlated burst fractures with axial loading of the spine. Ventral vertebral dislocation was often secondary to a large force applied to the back such as a fall from a height or a blow from a heavy object.5 Dorsal dislocations were rare, frequently fatal, and associated with severe abdominal injury.5 Given the spinal architecture, Hippocrates noted the extreme force needed to create a dislocation: “a great thrusting-out and rupture of the articulation of one or more of them does not very often occur, but is rare. Such injuries, indeed, are hard to produce.”13,16 He also noted that dislocations (which he termed inward curvatures vs. outward curvatures in kyphosis) were associated with a poor prognosis: “In such cases, then, retention of urine and faeces is more frequent than in outward curvatures; the feet and lower limbs as a whole more usually lose heat, and these injuries are more generally fatal. Even if they survive, they are more liable to incontinence of urine, and have more weakness and torpor of the legs; while if the incurvation occurs higher up, they have loss of power and complete torpor of the whole body.”13,16 He noted that isolated spinous process fractures did not result in deformity, healed well, and did not result in clinical impairment.


Beyond his keen observations, Hippocrates also devised several innovative therapeutic interventions for spinal disorders, including the Hippocratic board and the Hippocratic ladder. As a first line of intervention, he recommended manual traction of the spine with application of focal pressure using one’s hand or foot over a kyphotic deformity. If this did not work, he recommended use of the Hippocratic board, by which spinal traction could be better obtained using two opposing axial force vectors in combination with manual perpendicular force over the kyphotic deformity (Fig. 3-2). He liked this technique, as he states: “in accordance with nature; for the pressure forces the protruding parts into place, and the extensions according to nature draw asunder the parts that have come together.”13,16
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FIGURE 3-2 The Hippocratic board is a device used to manage spinal dislocation and deformities.




Although he is credited with developing the Hippocratic ladder, his writings reflect less favorably upon this intervention. By this technique, a patient was fixed upside down on a ladder that was connected to a pulley system from which the ladder was raised, suddenly released, and allowed to fall to the ground, and repeated several times (Fig. 3-3). Hippocrates felt it was more difficult to control the direction and magnitude of force with this technique. Perhaps this is why he warned that this technique, which he called “succussion” (shaking), was better at pleasing the mob then correcting a deformity.17
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FIGURE 3-3 The Hippocratic ladder was developed to reduce the dislocated spine and its associated deformities.











Plato (427–347 bce)


The great philosopher and mathematician, Plato, was founder of the Academy in Athens, the first institution of higher learning in the Western world. He suggested that mathematics, a system of pure ideas, was the best tool for the pursuit of knowledge. Plato’s contributions to mathematics are considered to be the origins and stimulus for the development of the science of mechanics and, consequently, spine biomechanics.18









Aristotle (384–322 bce)


Aristotle provided treatises on many subjects, including physics, metaphysics, poetry, theater, music, politics, ethics, biology, and zoology.16 He should perhaps be considered the first biomechanist. As such, he recorded detailed information regarding the mechanical system of animals in his first book, De Motu Animalium (On the Movement of Animals).18-23 This work provides the first geometric analyses of isolated muscular movements such as flexion and extension.5 He commented on the rotational axes surrounding joints and how one type of motion, such as rotation, could be used to create another type, such as translation.


Aristotle discussed the problems of pushing a boat under various conditions from the standpoint of mechanics, describing, in a primitive form, Newton’s three laws of motion. Aristotle depicted a qualified understanding of the role of the center of gravity in his analyses of gait.23,24 Of note, Aristotle’s findings were purely observational, he did not perform scientific experiments. Even though his work was not directly related to the spine, Aristotle’s work led to the birth of kinesiology and laid further groundwork for spinal biomechanics.19,22









Herophilus of Chalcedon (335–280 bce)


Medical science reached a high point in Greek civilization, but in the third century bce, the greatest medical minds were to be found in the Egyptian city of Alexandria. The effect of religion and mysticism in the city of Alexandria on medicine was prominent. Archimedes, Euclid, Praxagoras, Herophilus of Chalcedon, and Erasistratus are among the most prominent figures of this period.


Herophilus of Chalcedon, the world’s first anatomist, dominated the discussions of anatomic studies during this period. Although Herophilus carried out anatomic dissections on human cadavers, he did not comment on spine anatomy and biomechanics in his works. He did, however, make significant contributions to cerebral neuroanatomy and noted the consequences of spinal cord injuries, suggesting that direct surgical intervention on the spinal column should be avoided.11,25









Archimedes (287–212 bce)


Archimedes was a prominent mathematician, physicist, engineer, inventor, and astronomer of this age. He had the greatest influence on the future of spinal biomechanics through his contributions to theoretical mechanics in his work On the Equilibrium of Planes19 He is known for his formulation of the hydrostatic principle (known as Archimedes’ principle) and the development of the Archimedes screw, a cylinder with an internal revolving screw that was built to pump water against gravity. Archimedes described fundamental theorems concerning the center of gravity and laws of leverage.5









Galen of Pergamon (130–200 ce)


In the second century ce, as the Roman Empire rose to prominence, mysticism subsided and scientific thought regained credibility and popularity, albeit under the strict oversight of the Church. Galen (Fig. 3-4) was a physician to the Roman gladiators. More importantly, he made many important discoveries in anatomy and physiology by performing anatomic dissections on animals and extrapolating his findings to humans. Galen’s anatomic studies and interpretations affected medicine for more than a thousand years, until the time of Vesalius. His own work corroborated the findings of Imhotep and Hippocrates on the neurologic sequences of cervical trauma.14,24,26
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FIGURE 3-4 Galen is referred to as the father of sports medicine.




Galen was the first to determine the reliance of muscular movements on supplying connections from nerves.27 He also demonstrated the neurologic implications following transection of the spinal cord at several levels in live animals. He dealt with spinal tuberculosis as well as an abundance of traumatic injuries to the spine and the spinal cord. He appreciated the structure of the spine in allowing an intersecting balance of neural protection and flexibility for mobility.27 Galen was able to detail the structure of the spine in that the vertebrae were joined ventrally and had articulating components dorsally. He felt that the former allowed for motion and the latter provided greater stability.5 In addition, he was the first to describe the spinal canal which contained the spinal cord—previously termed the “spinal marrow” in the Greek era. He noted that the spinal cord was an extension of the brain, “like a river having its springs in the brain.”27 He also used the Hippocratic board to treat kyphotic deformities, but unlike Hippocrates, advocated surgery in some cases to remove bony fragments impinging on the spine.5,25















Middle Ages (330–1453 ce)


Paulus of Aegina was the last prominent scientist working in the tradition of the Greco-Roman period.5 As the Dark Ages of Europe settled in, religion governed all aspects of life, particularly science. Yet during this same period, Islamic civilization flourished. Major Greco-Roman scientific texts were translated into Persian and Arabic, and many Islamic scientist physicians led the frontier of medical advancement.






Paulus of Aegina (625–690 ce)


The Medical Compendium in Seven Books or Epitomês Iatrikê Biblio Hepta was a medical treatise of seven books written by Paulus of Aegina in the seventh century (Fig. 3-5). He used traction tables to treat spinal deformity and employed a new technique of cauterization with a red hot iron to treat various painful illnesses. Paulus of Aegina was the first physician to perform a successful laminectomy for a spinal fracture with symptomatic neural compression. He recommended the use of orthoses for spinal fractures.25
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FIGURE 3-5 Paul of Aegina wrote the Medical Compendium in Seven Books that is chiefly a compilation from earlier writers.











Avicenna (981–1037 ce)


Avicenna, an Islamic physician, was very interested in the mechanical function of the spine. He studied regional anatomic variations of vertebrae and correlated the different features to their mechanical functions. He described quite accurately the mechanical movements involved in flexion, extension, and lateral bending of the spine. Avicenna studied in detail the mechanics of the craniovertebral junction. He believed that movement at the occiput-C1 joint provides lateral bending, and movement at the occiput-C2 segments provides flexion-extension. Also, during head flexion-extension and lateral bending, C1-2 vertebrae move simultaneously. According to Avicenna, the dens was uniquely developed to protect the high cervical spinal cord and limit motion of C1-2.28









Albucasis (936–1013 ce)


Albucasis, also known as Al-Zahrawi, was a prominent Islamic physician and surgeon. He designed instruments and surgical techniques for treating spinal disorders, including lumbar radiculopathy, low back pain, scoliosis, and spinal dislocations. He developed a procedure for cauterization and described a device for reduction of dislocated vertebrae.29 He classified spinal trauma as complete and incomplete. He observed that a complete dislocation presents itself with abolition of sphincter tone and motor function and that an incomplete trauma causes partial neurologic injury. Cerrahiyetul Haniye, a Turkish treatise written by Serafeddin Sabuncuoglu in the 15th century, describes and illustrates the technical details of Albucasis’s surgery and treatments for spinal diseases.30












Renaissance and Premodern Era


The Renaissance began a new period of scientific exploration unfettered by the restraints of religion. Scientists of this era were able to build on the ideas of the Greco-Roman period thanks to the preservation of texts through Arabic translations. However, seeking to break free from classical traditions, two new trends developed. First, skillful anatomists such as Leonardo Da Vinci (1452–1519) and Andreas Vesalius (1514–1564) rejected the archaic galenic anatomic descriptions of animals and dissected human cadavers in painstaking detail. As Vesalius is known to have stated, it became time to learn from dead bodies rather than dead languages. Second, classical theories were tested under scientific rigor for the first time. Instead of applying traditional treatments without question, doctors developed new practices based on experimentation.31 Simultaneously, during this time, the fields of mathematics, physics, and mechanics gained significant theoretical developments through the work of René Descartes, Robert Hooke, Isaac Newton, and Thomas Young. As a precursor to more detailed spinal biomechanical research in the 20th century, earlier work was conducted in kinesiology and the biomechanics of gait by Giovanni Alfonso Borelli, the Weber brothers, Christian Wilhelm Braune, and Otto Fischer.






Leonardo Da Vinci (1452–1519)


Leonardo Da Vinci (Fig. 3-6) was an intelligent engineer with the skill of a master artist. Da Vinci studied detailed anatomy (Figs. 3-7 to 3-9) using dissections in 10 cadavers, from which he produced over 750 illustrations later published in De Figura Humana. He illustrated spinal anatomy with unprecedented accuracy and detail from the variation of regional vertebrae to the natural curvature of the spine, and he included the correct number of vertebrae. He was particularly interested in the mechanics of human movement and therefore focused on the anatomy of motion—muscles, tendons, bones, ligaments, and joints.
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FIGURE 3-6 Da Vinci gave an important contribution to understanding mechanical principles.
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FIGURE 3-7 The musculature of the cervical spine was richly illustrated by Da Vinci.
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FIGURE 3-8 Da Vinci illustrated bone anatomy of the spine.
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FIGURE 3-9 Cervical nerve roots of the spine were depicted by Da Vinci.




He demonstrated an understanding of the components of force vectors, friction coefficients, and the acceleration of falling objects. He clearly demonstrated an understanding of what was to become Newton s third law.2,32


He described the mechanical stability of the cervical spine in a methodology around its neutral posture with an emphasis on the cervical musculature in providing stability. He emphasized the importance of leverage systems in animals and their similarity to those in human motion. He examined basic mechanics related to human walking in different positions.









Andreas Vesalius (1514–1564)


Vesalius rid the study of human anatomy of mythic speculations, which had engulfed it for two millennia. He published De Humani Corporis Fabrica (On the Fabric of the Human Body), an encyclopedic work containing more than 200 anatomic drawings.18,33 Vesalius is credited with being the revolutionary figure of anatomy because the work of Da Vinci remained unpublished and unknown to the medical community for many years.


He termed the spine the “dorsum” (backbone) and confirmed Da Vinci’s descriptions of the spinal column, joints, and foramina. Vesalius only disagreed on the number of sacral vertebrae (six) as opposed to Da Vinci, who believed there was five.34 He was the first to correctly describe the intervertebral disc. He also expounded his view on the mechanics of head movement: “the neck has seven bones…by means of the first of these bones, we move the head directly forward and backward. By the use of the second vertebra (to which a prominent process resembling a canine tooth is attached) we turn the head….”5,34,35 The greatest contribution Vesalius made was to solidify anatomic dissection as a necessary prerequisite to medicine and surgery.









Galileo Galilei (1564–1642)


Galileo is often considered the “first real scientist” because he advocated and practiced the scientific method of hypothesis testing for his experiments.32 Using the mathematical terminology, he founded the basic principles for kinesiology as a science. In Discourses on Two New Sciences (1638), Galileo stated “The mass of animals increase disproportionately to their size, and their bones must consequently also disproportionately increase in girth, adapting to load-bearing rather than mere size,” and later added, “the bending strength of a tubular structure, such as bone, is increased relative to its weight by making it hollow and increasing its diameter.”17,31 Although not directly related to the spine, his work laid early groundwork for mathematical analyses of biomechanical properties of load-bearing bone structures.









René Descartes (1596–1650)


Descartes, a French philosopher, scientist, and mathematician, is often called the founder of modern philosophy. He was not a major contributor in the field of biomechanics, but his thoughts had an indirect influence on the field. In 1675, Descartes wrote Tractatus de Homine et de Formatione Foetus (Treatise on Humans and the Formation of the Fetus). In this treatise, he developed his mechanical view of the universe; movement was the reorganization of matter in a cartesian coordinate system of space. He also equated organisms to God’s machines.32 Aside from inventing the cartesian coordinate system, he is also said to be the founder of analytical geometry. L’Homme was Descartes’ first systematic presentation of physiology.









Giovanni Alfonso Borelli (1608–1679)


Borelli (Fig. 3-10) was a Renaissance physiologist, physicist, and mathematician.36 The Accademia del Cimento (Academy of Experiment), an early scientific society, was founded by Borelli and Marcello Malpighi, a mathematician and naturalist. In this academy, he began his first investigations into the science of animal movement. The collaboration between two authors yielded an abundance of scientific work.18,37
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FIGURE 3-10 Giovanni Alfonso Borelli wrote the first modern textbook on spinal biomechanics.




In De Motu Animalium (On the Movements of Animals), one of his most complicated treatises, he investigated in detail the movement of animals. Movement of the musculoskeletal system and internal motions, such as muscle physiology and blood circulation, were also studied.38 Borelli was the first to determine that muscles acted upon joints with short lever arms, debunking Galen’s assumption that muscles acted via long lever arms in order to achieve a biomechanical advantage.2,31


Borelli analyzed the biomechanics of individual components of the spine (Fig. 3-11).39 He described anatomic characteristics that prevent listhesis39 and demonstrated, with modern experimental calculations, the concept of spinal load sharing (Fig. 3-12): “If the spine of a stevedore is bent and supports a load of 120 pounds carried on the neck, the force exerted by nature in the intervertebral discs and in the extensor muscles of the spine is equal to 25,585 pounds. The force exerted by the muscle alone is not less than 6404 pounds. Therefore, the sum of muscular forces which control the fifth lumbar vertebra and a third of the resistance of the intervertebral disc is equal to 826 pounds. The muscular forces are equal to 413 pounds and the forces exerted by the disc are equal to 1239 pounds.”31,38 He explained that strong fibers of the intervertebral disc are much stronger than those in muscle. He suggested that most of the weight of axial loading is carried by the intervertebral discs, with a much smaller portion carried by the spinal musculature.38
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FIGURE 3-11 The spine, muscles, and intervertebral discs were depicted by Borelli, from De Motu Animalium.
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FIGURE 3-12 Illustration by Giovanni Alfonso Borelli analyzing the load-sharing capabilities of the spine.




Borelli was also the first to experimentally demonstrate the human center of gravity as a point between the pelvis and buttocks. He devised a wooden plank resting on a pyramidal fulcrum to conduct his experimental measurements (Fig. 3-13).26,31 Several centuries later, Braune and Fisher40 verified that his assessment was correct. After Borelli, biomechanical studies were sparse until the 19th century.
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FIGURE 3-13 Center of gravity was more understandable after Borelli’s method.











Robert Hooke (1635–1703)


Robert Hooke, an English philosopher and mathematician, contributed to spinal biomechanics through his theories of the response of solids to deforming forces. Hooke’s law states that for small deforming forces, elastic materials will deform to an extent in proportion to the deforming force and the material’s elasticity. This physical law is important when designing spinal instrumentation constructs and analyzing in vivo deforming forces.


Hooke went further to describe how solids react under a full range of deforming forces, from zero net sum forces to deforming forces that alter the mechanical properties of the solid. He essentially described the neutral zone, the elastic zone, the plastic zone, and the point of failure.32









Isaac Newton (1642–1727)


The English mathematician and founder of classical mechanics, Isaac Newton, invented complex mathematical and engineering principles. Newton described three laws of motion, now known as Newton’s laws of motion (laws of inertia, momentum, and interaction).32,41 With the introduction of these physical laws, biomechanical mechanisms and structures could be simulated and studied. He was also credited with calculating resultant force vectors from individual component vectors.









Leonard Euler (1707–1783)


The Swiss mathematician Leonard Euler is known for his work in mathematics, astronomy, and physics. He studied columns under compressive loads and found that columns had a point at which they would deform.32,41 This point was related to the height and stiffness of the column. At later points in history, the spine was studied as a Euler column.39









Thomas Young (1773–1829)


Thomas Young studied the human voice and vibration. He developed Young’s modulus, a coefficient that can be calculated to define the relation of stress and strain for a given body. This important concept is employed in contemporary spinal biomechanics to measure the elasticity of both the spine and the spinal constructs.32









Weber Brothers


Three brothers, Ernst Heinrich Weber (1795–1878), Wilhelm Eduard Weber (1804–1891), and Eduard Friedrich Wilhelm Weber (1806–1871), in their publication Die Mechanik der Menschlichen Gehwerkzeuge (Mechanics of the Human Gait), developed the modern concept of locomotion.42 It was assumed that the human torso was kept in erect posture primarily via tension of the ligaments, with little or no muscular exertion. The Weber brothers demonstrated that muscle contraction contributed substantially to posture.43 They also studied the movement of the center of gravity in locomotion.









Christian Wilhelm Braune (1831–1892) and Otto Fischer (1861–1917)


The development of a new three-dimensional mathematical analysis of human gait was published by Christian Wilhelm Braune and Otto Fischer. They described the first plausible theory related to the mechanics of walking and running in Mechanik der Menschlichen Gehwerkzeuge (Mechanics of the Human Walking Apparatus).44 They determined the human center of gravity by suspending frozen human cadavers on thin rods in three perpendicular axes. They observed the center of gravity during locomotion and investigated the forces supplied by the musculature to maintain the center of gravity during locomotion.40









Julius Wolff (1836–1902)


Wolff’s law embodies the fundamental relationships between applied loads and the body’s adaption to such loads. Julius Wolff (Fig. 3-14), a German orthopedic surgeon, studied bony architecture and found that it paralleled mathematically calculated stress trajectories.45 His law states: “Every change in the form and function of a bone, or of function alone, is followed by specific definite change in its internal architecture and equally definite secondary changes in its external configuration, in accordance with mathematical laws.”31,45 In modern spine biomechanics, this law influences spinal construct design in order to maximize fusion rates.





[image: image]

FIGURE 3-14 Trajectoral hypothesis, which forms the basis of one of the most important elements of spine biomechanics, was proposed by Julius Wolff.














Emergence of Modern Biomechanics in the 20th Century


An increasing interest in athletics, gymnastics education, and World Wars I and II were major contributors to the development of the field of biomechanics in the 20th century. The technologic advances that emerged during this century led to new and greater force applications to the human body via trauma, such as from motor vehicle and plane accidents and civilian injuries from explosions. These new problems rejuvenated interest in spine biomechanics.22


The Human Motor by Jules Amar (1879–1935) was an analysis of the physical and physiologic components of gait and task performance in thousands of disabled veterans in France.46,47 This was the first biomechanical evaluation derived from human force and motion data.


In World War II, high-speed aircraft with emergency ejection seats provided another inspiration for biomechanical research. Multiple biomechanical studies were conducted to test the safe range of compressive loads tolerable at different levels of the spine. The appropriate spinal posture at the time of ejection was determined by Olof Perey in 1945, and the Martin-Baker aircraft company in England in 1944.48 Similar studies were performed by the U.S. Air Force in 1945.48


Detailed research on the intervertebral disc was performed at Massachusetts General Hospital and Massachusetts Institute of Technology.48 Parallel to these studies, at Wayne State University, H. R. Lissner and E. S. Gurdjian investigated the effect of applying axial compression and transverse bending on lumbar disc herniation.48-52


Friedrich Pauwels (Fig. 3-15) (1885–1980) and Nikolai A. Bernshtein (1896–1966) conducted seminal work in musculoskeletal biomechanics.13,53 Russell Plato Schwartz established his myodynamics laboratory in the Department of Surgery of the University of Rochester School of Medicine and Dentistry in 1926. The laboratory focused on gait analysis for shoe design and other biomechanical applications. He developed the recording instrumentation and surgical tools necessary to measure normal and abnormal gait.





[image: image]

FIGURE 3-15 Friedrich Pauwels focused on musculoskeletal biomechanics research.




The mechanical properties of the cervical vertebra in vitro were studied for the first time by Erland Lysell in Sweden. He inserted small steel balls at each cervical vertebra in the cervical spines of 28 fresh cadavers, and using quantitative stereoradiography, he measured intervertebral motion.31 As an aside, he observed no effect of age on extent of degeneration.54


Advanced studies were performed on the effect of bending moments on the spine. Load-deflection, energy-absorption, and other analyses were performed by Virgin,55 Hirsch,56 Hirsch and Nachemson,57 Hirsch and Schajowicz,58 Hirsch,59 Evans,60,61 Evans and Lissner,49 Higgins,62 Friberg and Hirsch,63 Sylven et al.,64 and Werne.65 Carl Hirsch (Fig. 3-16) (1913–1973), a Swedish orthopaedic surgeon, had substantial influence on the development of biomechanics. His interest centered on the knee, hip, and spine in the 1940s.56 He applied his knowledge and findings to orthopaedic problems. He attracted many visitors and fellows to his laboratory, including Victor Frankel, George Galante, Augustus White, Wilson C. Hayes, and Albert B. Scultz, and many of his fellows went on to establish their own biomechanics laboratories.31
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FIGURE 3-16 Carl Hirsch is known as the founder of modern biomechanics.








Finite Element Analysis


Finite element analysis (FEA), developed by R. Courant and Hilbert66 in 1943, is a technique originally developed for numerical analysis of complex structural mechanics problems. FEA is based on the idea of building complicated objects from small manageable pieces and is used by engineers in the aerospace industry. Applied to spinal biomechanics, it takes the whole spine and breaks it down into smaller geometric forms at any given level, which can individually be tested and analyzed more easily. Computer programs can then derive composite analyses of discrete finite elements. Using this method, the risk of spinal injury in emergency pilot ejection was investigated for the first time in the second half of 1950s.67 This technique has become popular for biomechanical testing of the spine in recent years due to its cost-effectiveness.









Clinical Studies


High-quality evidence from clinical trials provided a new valuable source of data. New definitions of ‘’stability’’ and associated scoring systems were developed and utilized.68 The column system for spinal stability assessment was first introduced as a two-column system, defined in 1962 by Sir Frank Holdsworth.69 A three-column system, proposed by Francis Denis,70 provided further refinement. For tumor-related instability, a six-column system71 and a cube system for ventral column stability were described.39 These studies exemplify the transition of evidence obtained from the biomechanical laboratory to clinically applicable knowledge.












Summary


The field of spine biomechanics has evolved from the time of antiquity to the present. The first 2000 years provided the rich seeds with requisite advancements in spinal anatomy, neurophysiology, mathematics, and physics. In the last century, we have seen the field of spinal biomechanics blossom and grow exponentially along with modern technology. Though the technology of today dwarfs historical feats of the past, the essence of the journey remains the same: the pains-staking battle involved in problem-solving and the search for new answers. An appreciation of the previous trodden path can enlighten the footsteps in search of knowledge and innovation.
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Chapter 4 Differential Diagnosis of Surgical Disorders of the Spine
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Establishing a differential diagnosis of spine pathology starts with the characterization of pain, associated signs and symptoms, and evaluation of any presenting neurologic deficit. Special attention must be paid to the warning signs and symptoms of back pain (Box 4-1), which helps to identify more serious pathology.1 Assessment of pain in conjunction with fever and weight loss, recumbent position, morning stiffness, acute onset, or visceral component allows for initial categorization. With this information, further laboratory and radiologic evaluation can proceed, and ultimately, a diagnosis with appropriate surgical or medical management can usually be achieved.





BOX 4-1 Warning Signs and Symptoms of Lower Back Pain







New onset of pain in patients >50 years or <20 years


Pain worse at night


Pain worse in supine position


Bowel or bladder incontinence


Saddle anesthesia


Motor weakness


Weight loss


Fever


History of cancer or immunosuppression








This chapter presents a systematic approach to evaluating a patient with a suspected spine disorder (Box 4-2). The first portion of this chapter addresses disorders that usually present with spinal pain, and the second half deals with conditions that present with pain and neurologic deficit.





BOX 4-2 Differential Diagnosis of Surgical Disorders of the Spine






Spinal Pain


Pain with fever and weight loss




• Vertebral osteomyelitis


• Epidural abscess


• Discitis


• Tuberculous spondylitis


• Actinomycosis


• Nocardiosis


• Brucellosis


• Fungal infections


• Coccidioidomycosis


• Blastomycosis


• Cryptococcosis


• Candidiasis


• Aspergillosis


• Wegener granulomatosis


• Syphilis


• Parasitic infections (e.g., echinococcosis)





Pain with recumbency and night pain




• Extradural lesions



• Metastatic disease



• Multiple myeloma



• Chondrosarcoma



• Chordoma



• Lymphoma



• Osteogenic sarcoma and Ewing sarcoma



• Osteochondroma



• Giant cell tumor



• Osteoid osteoma and osteoblastoma



• Aneurysmal bone cyst



• Hemangioma and eosinophilic granuloma



• Synovial cyst


• Intradural-extramedullary lesions



• Meningiomas



• Schwannomas



• Neurofibromas



• Sarcomas



• Dermoids



• Epidermoids



• Arachnoid cysts



• Teratomas



• Ganglion cyst



• Spinal metastasis



• Arachnoiditis


• Intradural-intramedullary lesions



• Ependymomas astrocytomas



• Metastases



• Hemangioblastomas



• Arteriovenous malformation



• Syringomyelia





Pain associated with morning stiffness




• Ankylosing spondylitis


• Rheumatoid arthritis


• Spinal stenosis


• Spondylolisthesis and spondylolysis


• Herniated nucleus pulposus


• Scoliosis





Acute spinal pain and visceral pain




• Metabolic disorders


• Endocrinologic disorders


• Vascular disorders


• Gastrointestinal disorders












Neurologic Deficits







• Congenital lesions and spinal dysraphism



• Diastematomyelia, diplomyelia, tether cord, filum lipoma, congenital scoliosis


• Trauma


• Ischemia


• Vascular malformations



• Arteriovenous fistulas, cavernous malformations, Foix-Alajouanine syndrome


• Intracranial lesions


• Central montine myelinolysis


• Multiple sclerosis


• Transverse myelitis


• Inflammatory disorders


• Infectious disorders



• Viral myelitis, encephalitis, poliomyelitis, ganglionitis, herpes zoster, cytomegalovirus, herpes simplex, HIV disorders


• Upper motor neuron syndromes



• Hereditary spastic paraplegia, lathyrism, adrenoleukodystrophy


• Lower motor neuron syndromes



• Spinal muscular atrophy, muscular dystrophy


• Combined upper and lower motor neuron syndromes



• Amyotrophic lateral sclerosis


• Miscellaneous



• Subacute combined degeneration, Guillain-Barré syndrome, diphtheria, acute intermittent porphyria, toxic peripheral neuropathies, paraneoplastic syndromes, postirradiation myelopathy, Kesson disease, familial periodic paralysis















Spinal Pain






Pain Associated with Fever and Weight Loss


Infectious or neoplastic processes are potential etiologies in patients who present with fever, weight loss, and spinal pain. The most common infectious conditions affecting the spine include vertebral osteomyelitis, discitis, epidural abscess, and granulomatous processes. Neoplastic processes may have similar presentations. Failure to uncover the etiology may lead to neurologic deficits but usually not until pain and systemic symptoms have been present for some time.






Vertebral Osteomyelitis


Vertebral osteomyelitis, the most common pyogenic infection of the axial skeleton, occurs in 2% to 19% of cases of osteomyelitis.2-4 Adults can present with an indolent or chronic course; the pediatric and immunocompromised groups can present more acutely. Diffuse back pain and fever are the most common symptoms, occurring in approximately 90% and 45% of patients, respectively.2-4 Weight loss, radicular symptoms, myelopathy, spine deformity, and meningeal irritation also occur. In some cases, neurologic deficits can be the presenting complaint.


A definitive source of infection is found in approximately 40% of cases. The most common organisms that are isolated are the gram-positive cocci, Staphylococcus aureus being the most common organism.2-4 Other organisms such as Escherichia coli, Pseudomonas aeruginosa, and Proteus are potential sources in parenteral drug abusers or immunocompromised patients.


Diagnosis is based on pertinent laboratory findings, including an elevated erythrocyte sedimentation rate, blood and bone cultures, and elevated white blood cell count. MRI is the gold standard for detection of osteomyelitis.2-5 Bone scans are useful for diagnosis, but care in interpretation is required, as other processes can have similar imaging qualities.









Epidural Abscess


Spinal epidural abscess occurs more frequently in adults. Pain is the most common presentation, but fever, leukocytosis, and neurologic compromise occur more frequently in epidural abscess than in osteomyelitis.4,6 Epidural abscesses most commonly affect the thoracic spine, followed by lumbar and cervical locations. Common etiologies include a direct extension of a preexisting osteomyelitis, hematogenous spread from a distant focus, or, less likely, trauma.4,6


As with vertebral osteomyelitis, the most prevalent species is S. aureus, followed by other staphylococcal and streptococcal species or gram-negative rods.4,6 Laboratory studies, including erythrocyte sedimentation rate and white blood cell count, are elevated in the majority of patients, and MRI is the diagnostic imaging of choice.4,6









Discitis


Spontaneous discitis is rare in the adult but occurs in 1% to 3% of surgical discectomy patients.7,8 Clinical presentation reveals back pain at the operated level, usually from 1 to 3 weeks postoperatively. The most common presentation is back pain and painful ambulation, as the lumbar spine is the most common location. Staphylococcal and streptococcal species are the most common organisms. Again, diagnosis is aided by laboratory studies, MRI, and bone scans.









Granulomatous Infections


Granulomatous infections include all processes that produce the classic histologic granuloma. These processes include fungal, spirochetal, and uncommon bacterial organisms (such as Actinomyces, Nocardia, and Brucella) and the most common organism, Mycobacterium tuberculosis.









Tuberculous Spondylitis


Although uncommon in developed countries, tuberculous spondylitis is the most common of the granulomatous infections that affect the axial skeleton.9-11 Recently, there has been a resurgence in developed countries due to the rise of HIV.12,13 Clinical presentation involves pain over the affected site, fever, malaise, and weight loss.9-11 In the progressive stages of disease, kyphosis results from erosive bone destruction. Epidural abscesses and paraparesis are possible late sequelae.9-11 Tuberculous spondylitis is usually caused by M. tuberculosis; however, other species of mycobacteria may be encountered. A positive purified protein derivative can be helpful, although false negatives can occur in the anergic patient due to advanced age, malnutrition, or immunocompromise. Diagnosis requires evaluation of urine, sputum, or a sample from a gastric specimen, subcutaneous nodule, or bone biopsy. A chest radiograph reveals no evidence of pulmonary disease in 40% to 50% of cases. MRI is superior to evaluate soft tissue involvement and the presence of abscess formation, and CT provides better bone detail.









Fungal Infections


Fungal infections of the axial skeleton are uncommon. Infections of the spine occur most commonly as the result of pulmonic spread following spore inhalation. Spine osseous involvement with disseminated fungal infection occurs in 10% to 50% of patients with coccidioidomycosis and blastomycosis infections. There is a much lower incidence of Cryptococcus infection, candidiasis, or aspergillosis, which may occur in immunocompromised individuals.









Coccidioidomycosis


Coccidioidomycosis, endemic in the southwestern United States, has a high rate of spine involvement and occurs in 20% to 40% of cases of disseminated disease. Vertebral collapse and neurologic compromise are uncommon.14 Radiographs reveal multiple simultaneous lytic lesions. Diagnosis is made with plain radiographs, immunodiffusion titers, and biopsy.









Blastomycosis


This species is endemic to the Mississippi River Valley and is spread after inhalation and pulmonic infection. Blastomycosis is hematogenously spread with a predilection for ventral vertebral body involvement, resulting in vertebral collapse, joint erosion, and disc invasion. Clinical presentation resembles that of tuberculous spondylitis; however, blastomycosis more commonly is associated with draining sinuses and has a greater predisposition to include the dorsal elements.15,16









Cryptococcus


Cryptococcus neoformans is a fungal organism that may cause infection in immunocompromised patients, mostly commonly those afflicted with AIDS. It is usually inhaled and then spreads hematogenously from a pulmonary location, with osseous involvement occurring in only 10% of cases with disseminated disease.17,18 The usual clinical presentation is swelling, pain, and decreased mobility of the affected vertebral site. Radiographs reveal dorsal vertebral body involvement and disc space sparing. Diagnosis is made via a latex agglutination test, cerebrospinal fluid (CSF) analysis, and blood cultures.












Pain Associated with Recumbency and Night Pain


Nocturnal pain and pain associated with recumbency are hallmarks of destructive lesions of the vertebral column, caused by either a skeletal metastasis or a primary bone tumor. Unfortunately, the majority of spinal column tumors are malignant. Pain is the most frequent clinical presentation, occurring in up to 85% of patients. There are correlations among age, location, incidence, and presentation. Younger patients tend to have a greater incidence of benign bone tumors, whereas those older than age 30 are more likely to have malignancy.






Benign Bone Tumors


Benign bone tumors occur more frequently in patients between ages 20 and 30, in a dorsal location and in the lumbar spine. Oosteochondroma, osteoid osteoma, and osteoblastoma are the most common benign lesions of the axial skeleton and have a lower incidence of recurrence overall compared with malignant bone tumors.






Osteochondroma


These lesions are the most common benign bone tumors, encompassing approximately 35% of all nonmalignant osseous tumors. These tumors arise from the cartilaginous end plates and are slow-growing tumors.19,20 The majority are asymptomatic lumbar spine lesions found on incidental radiographs. Symptomatic patients commonly present with dull backache, decreased motion, or, rarely, deformity. Plain radiographs demonstrate a protruding lesion with well-demarcated borders in the dorsal elements. On rare occasions, pain, neurologic deficit, or an accelerated growth pattern may be related to malignant transformation.









Osteoid Osteoma and Osteoblastoma


These two tumor types share a common pathologic origin but differ in size and incidence of spine involvement. Both tumors most commonly present in patients less than 30 years of age. Osteoid osteomas are smaller than osteoblastomas (≤2 cm vs. >2 cm). Osteoid osteomas are most commonly located in the lumbar spine and account for 2.6% of all excised primary bone tumors and up to 18% of axial lesions. Osteoblastomas are less common and represent fewer than 3% of benign bone tumors.


Patients with osteoid osteomas commonly present with a dull ache that is exacerbated at night. This condition is believed to be the result of prostaglandin production by the tumor; thus, the classic pain relief with aspirin. Neurologic deficits are rare. Osteoblastomas are more likely to result in spinal deformity and neurologic sequelae, including torticollis in 13% of cervical lesions. Plain films are pathognomonic, revealing a small radiolucent nidus with surrounding sclerosis usually located in the dorsal elements.21,22









Giant Cell Tumor


Unlike the majority of primary bone tumors, giant cell tumors occur more commonly in patients in their 30s. The most common presentation is that of pain. However, disease advancement may result in bowel or bladder dysfunction. These aggressive tumors carry some malignant potential and a high incidence of local recurrence. They are responsible for approximately 10% of all primary benign bone tumors and affect the spinal axis in approximately 10% of all cases. These lesions may occur in conjunction with aneurysmal bone cysts (3% to 6%).23,24 They most commonly occur in the sacral region when the spinal column is involved. Plain radiographs demonstrate cortical expansion with little reactive sclerosis or periosteal reaction.23,24 Both T1- and T2-weighted MRI scans reveal homogeneous signals, whereas presurgical CT studies can better delineate the degree of vertebral bone involvement. Because of the nondistinct characteristics of giant cell tumors, radiographic investigation, coupled with intraoperative histology, is important to separate this condition from other primary bone tumors.









Aneurysmal Bone Cyst


Although responsible for only approximately 1% to 2% of all primary bone tumors, aneurysmal bone cysts affect the axial skeleton in 12% to 25% of reported cases of aneurysmal bone cysts.24 They occur more frequently in the thoracolumbar region and dorsal elements in females and patients younger than 20 years of age. Multiple vertebral involvement occurs in 40% of cases. Radiographs demonstrate a single osteolytic lesion with a thin, well-demarcated cortical rim.









Hemangioma


Hemangiomas are found in 11% of general autopsies,25,26 but symptomatic spinal hemangiomas are exceedingly rare. The most common initial symptom in the case of a solitary lesion is back pain, with or without radiation into the lower extremities.25,26 These lesions are characterized by slow growth and a female predominance.









Eosinophilic Granuloma


Eosinophilic granuloma is the solitary osseous lesion version of a group of disorders characterized by an abnormal proliferation of Langerhans cells. In its disseminated forms, it is designated Letterer-Siwe disease and Hand-Schüller-Christian disease. The overall incidence for any variety of the histiocytosis X spectrum is one per million people, and it most commonly occurs in patients younger than 20 years of age. Clinical presentation most commonly involves pain in the thoracolumbar region. MRI is the investigative procedure of choice, with definitive diagnosis through biopsy.27












Malignant Bone Tumors






Chondrosarcoma


This malignant cartilage-forming primary bone tumor is an uncommon spinal neoplasm. It is more common in adults, in whom it less commonly involves the spine.28 There is an even distribution of tumor involvement among cervical, thoracic, and lumbar locations.25 Chondrosarcomas may arise as a primary lesion or secondary to irradiation of lesions, including Paget disease or osteochondroma.29 The most common presentation is pain (50%) and localized swelling (30%). There is a linear relationship between degree of pain on presentation; a larger, more aggressive tumor; and decreased time of survival.30,31 Diagnosis is usually based on radiographic studies that reveal bone destruction, a soft tissue mass, and “fluffy” calcifications and pathology from resection.30,31









Osteogenic Sarcoma and Ewing Sarcoma


Both osteogenic sarcoma and Ewing sarcoma represent uncommon malignant lesions of the spinal column, with a combined incidence of less than 4% of spinal column tumors.32-34 Most cases of Ewing sarcoma and primary osteogenic sarcoma (50%) present in the first 20 years of life. Secondary sarcomas arise in the fifth to sixth decades as a result of irradiated bone or a preexisting pagetoid lesion. Almost 70% of clinical presentations are accompanied by a neurologic deficit secondary to epidural compression.32-34 The most common presentation of Ewing sarcoma is pain.









Chordoma


Chordomas are tumors of the axial skeleton and the skull base arising from the primitive notochord. They encompass approximately 1.4% of all skeletal sarcomas. Although chordomas are histologically low-grade lesions, they are locally invasive tumors, and metastases may occur in 5% to 43% of cases.35-37 More than 50% of these lesions are located in the lumbosacral region, 35% are located in the clival and cervical area, and the remainder are spread throughout the rest of the vertebral column.37 Neurologic deficit is usually found in the form of bowel/bladder dysfunction or, less frequently, cauda equina symptoms (20%).37 Combined imaging, using MRI and CT, provides an evaluation of the tumor and its soft tissue and bony involvement.









Multiple Myeloma


Multiple myeloma and solitary plasmacytoma account for 45% of all malignant bone tumors.38 These disorders are the result of abnormal proliferation of plasma cells, which are responsible for immunoglobulin and antibody production and affect the spine in 30% to 50% of reported cases. Multiple myeloma is primarily a disease of the sixth and seventh decades of life and has a predilection for the thoracic spine (50% to 60%).


Patients present with back pain in approximately 75% of cases.38 Unlike the classic metastatic disease presentation of pain with recumbency, multiple myeloma is sometimes relieved by rest and aggravated by mechanical agitation that mimics other sciatic or neurogenic sources. Systemic complications include hyperalbuminemia, renal insufficiency, nephrolithiasis, and characteristic serum protein abnormalities. Plain radiographs and CT can be diagnostic because of the characteristic osteolytic picture without sclerotic edges that involve the ventral portion of the vertebral body and usually spare the dorsal elements.









Lymphoma


Hodgkin disease is a malignant disease of the reticuloendothelial system. Spine involvement occurs in approximately 10% of all extranodal lymphomas.39,40 Spine osseous involvement occurs at a decreasing frequency as one ascends the spine from the lumbar, thoracic, and, uncommonly, cervical regions. Age at presentation is bimodal, with those ages 15 to 35 and those older than age 50 most frequently affected. Clinical presentation involves concurrent constitutional signs and symptoms of fever and night sweats, and acute cord compression and epidural compression are not uncommon.39,40









Metastatic Disease


Metastatic disease in the form of distant foci is evident at autopsy in 40% to 85% of cases of malignancy.41 The spine is the most common site of skeletal metastasis, and at least 5% of patients with malignancies suffer from this condition.41,42 The axial skeleton is the leading site of bone metastases that are caused by hematogenous spread through the rich venous network that drains the lungs, pelvis, and thorax. Breast, lung, prostate, and thyroid malignancies account for 50% to 60% of metastatic lesions.41 Overall, epidural metastases are equally spread throughout the thoracic and lumbosacral spine, but symptomatic metastases occur most commonly in the thoracic spine. Nearly all patients initially complain of back pain, followed by weakness and ataxia. At the time of diagnosis, more than 50% of patients will have a paraparesis or bladder/bowel disturbance.41,43


Diagnostic regimens include laboratory studies demonstrating an elevated calcium level, prostate-specific antigen, or alkaline phosphatase. The ultimate diagnosis relies on radiographic studies, including plain radiographs. Bone scans are warranted for suspected occult lesions because approximately 30% to 50% of the trabeculated bone in a vertebral body must be destroyed before the lesions can be detected on plain radiography. Other radiographic modalities, including MRI and CT/myelography and positron emission tomography (PET) scans, are helpful in determining the extent of bone destruction, epidural compression, and disease spread. A metastatic workup, including both a plain chest radiograph and an enhanced abdominal/chest CT, determines the primary focus in the majority of cases. Pathologic confirmation may be made via biopsy of a primary malignant focus or via biopsy or resection of the spinal lesion.









Spinal Cord Tumors


The majority of lesions that involve the spinal cord and meninges occur in the epidural space in the form of metastatic disease. The largest group of neoplastic spinal lesions that involve the spinal cord and meninges occurs in the intradural-extramedullary space (40–50%), followed by the extradural space (30%) and the intramedullary space (20–25%).43,44


Back pain is the most common initial complaint in the adult population that harbors spinal neoplasms; the pediatric population with spinal tumors tends to present with neurologic deficit in the form of motor or gait disturbances. The back pain in the adult population is usually diffuse and unrelated to activity, thus prolonging diagnosis until the pain becomes radicular or symptoms that are caused by cord or root compression ensue.









Extradural Lesions


Symptoms may be caused by compression, invasion, or irritation of the involved anatomy. The majority of epidural lesions discussed earlier in the chapter are metastatic in origin. Other epidural pathologies include lipomatous masses, hematomas, and vascular malformations.









Intradural-Extramedullary Lesions


Meningiomas, schwannomas, and neurofibromas constitute more than 50% of all neoplastic processes in the intradural-extramedullary space. Nittner’s review of 4885 adults with spinal cord tumors found schwannomas (23%) and meningiomas (22%) to be the most common lesions of the intradural-extramedullary space.45,46 Symptoms may be nocturnal and most commonly involve pain caused by root irritation. Early neurologic compromise is uncommon because of the adaptive compressibility of surrounding fat, CSF, and adjacent vascular structures. Neurologic compromise occurs when the compliance of surrounding structures is at its nadir and extradural compression is directly transmitted to the spinal cord.


More than 80% of meningiomas are located in the thoracic region, and they occur at a 4:1 ratio in women compared to men. Meningiomas can present with pain from a compressed nerve root as it exits the neural foramina. Although less common in the cervical and lumbar spine, large, slow-growing meningiomas may produce myelopathic symptoms from spinal cord compression, especially at the craniocervical junction.47 Meningiomas are the most common benign tumor at the foramen magnum.48,49 CT myelogram and MRI are the best investigative modalities.


Although both meningiomas and nerve sheath tumors are benign lesions that are usually found in thoracic dorsal sites, neurofibromas are a common finding in phakomatoses. Because neurofibromas are almost always lesions of the dorsal roots, patients commonly present with radicular symptoms.50-52 Although their malignancy potential is low, nerve sheath tumors may be locally destructive if allowed to progress. Caudally located neurofibromas may displace adjacent nerve roots with possible bone erosion of nearby foramina as the neoplasm grows.


Schwannomas, which are commonly found with von Recklinghausen neurofibromatosis, are usually solitary lesions found in thoracic sites in adults between 40 and 50 years of age. These tumors are most commonly found in the intradural-extramedullary space; however, approximately 20% will be found crossing the dura or will be solely extradural. On clinical presentation, patients with these tumors exhibit radicular symptoms, and the tumor is typically easily diagnosed with MRI.


The remaining 30% of intradural-extramedullary tumors include sarcomas, dermoids, epidermoids, arachnoid cysts, teratomas, ganglion cysts, and, rarely, spinal metastases.53,54 These lesions have characteristic features on MRI that help to delineate them. Arachnoiditis that presents with diffuse constant pain and associated paresthesias is the result of multiple operations on the back or clumping of nerve roots after the administration of the myelographic dye. The diagnosis is made via MRI or myelogram with visualization of characteristic nerve root clumping.









Intradural-Intramedullary Tumors


Intramedullary spinal cord tumors account for 2% to 4% of CNS neoplasms and are of neuroglial origin in 80% of cases, regardless of age.55-58 More than 90% of these tumors are rostral to the conus in patients under age 15.55-59 Children are predisposed to astrocytic tumors, whereas adult pathology is more evenly spread over the neuroglial spectrum.55-59 There is a shift in pathology with increasing age, with ependymomas becoming more common than astrocytomas. The incidence of intramedullary spinal cord tumors increases from rostral to caudal and may present with insidious pain, the most common finding in the adult population, or associated spinal cord dysfunction in the form of band paresthesias or motor deficit. Typically, the pain associated with these lesions is unrelated to mechanical activity. Pediatric patients tend to present with gait or motor disturbances.55-59


Other intramedullary disorders such as arteriovenous malformation (AVM), syringomyelia, and metastases are potential but extremely rare causes of spinal pain. AVMs and hemangioblastomas of the spinal cord are potential causes of acute pain with subsequent neurologic sequelae secondary to rupture, resulting in hematoma formation or ischemic effects.


Diagnostic studies include plain radiographs that can reveal widened pedicles or a myelogram that shows a diffuse enlargement of a cord segment. MRI is the gold standard to evaluate spinal cord dysfunction as a result of the aforementioned causes, with the exception of angiography to evaluate AVMs.















Pain Associated with Morning Stiffness


Axial pain, with a prolonged tapering course after the initiation of increasing mechanical activity, heralds the possibility of an inflammatory disorder affecting the spine. The two most common chronic inflammatory processes that involve the axial skeleton are rheumatoid arthritis (RA) and ankylosing spondylitis (AS).






Ankylosing Spondylitis


AS is the most prevalent of the seronegative spondyloarthropathies, with an incidence of up to 2% in the Caucasian population. It is a common cause of axial pain in young adults.60-62 Unlike RA, it has a male predominance, and it is most commonly found in the axial skeleton with a mild degree of peripheral involvement. The pathogenesis is unclear, but there is a strong immunologic association with HLA-B27 positivity in approximately 95% of patients. The disease progresses in an ascending fashion from caudal to rostral, which can result in severe flexion deformity if allowed to continue.60,62 The prototypical lesion is enthesopathic, affecting insertion sites of tendons and ligaments to bone. The typical presentation is that of a young white male between ages 15 and 30, with insidious low back pain (LBP) (80–90%), peripheral joint pain in the hip or shoulder (20–40%), and sciatic pain (5%).60,62 Diagnosis is based on a history of back pain and grades 3 to 4 bilateral sacroiliitis observed on plain radiographs. There have been several revisions of the original criteria for AS, but all accept the radiologic changes with a history of insidious onset of back pain, age younger than 40, persistence for more than 3 months, morning stiffness, improvement with exercise, and limitation of chest expansion.60-63 Because it takes from 3 to 7 years for the radiographic evidence of bilateral symmetrical sacroiliitis to become evident, a loss of axial mobility, back pain, and morning stiffness are important early signs and symptoms.60-63 Associated fractures, spinal stenosis, and rotary instability are the end result of a fused vertebral column.62,64-66









Rheumatoid Arthritis


RA, a chronic inflammatory process that affects the synovium of peripheral joints, has a quoted prevalence of 1% for both genders by age 65, but is an uncommon cause of back pain. Unlike AS, this disease affects an older patient population, has a female predominance, is found most often in the cervical spine, and often results in spinal instability.67-71 RA affects the cervical spine most commonly in one of three ways: atlantoaxial subluxation, basilar invagination, and subaxial subluxation.67-71 Diagnosis of RA is based on the history, the distribution of joint involvement, and a positive rheumatoid factor. Neck pain should warrant a thorough radiographic evaluation, including flexion/extension radiographs and MRI for ligamentous visualization. Radiographic sequelae include soft tissue swelling, narrowing of joint spaces, and, ultimately, bone erosion.


Other rheumatologic disorders of the spine include the remainder of the seronegative spondyloarthropathies such as Reiter disease, Behçet syndrome, Whipple disease, and enteropathic arthritis, as well as osteoarthritis. These conditions represent other possible causes of back pain, with or without deformity.












Mechanical Pain


Anywhere from 40% to 80% of the adult population has LBP sometime before age 50.1 Ninety percent of cases are a result of mechanical causes. Pain without constitutional signs and symptoms that is initiated and exacerbated by activity is a large category that includes lumbar strain, disc protrusion and extrusion, spinal stenosis, spondylolisthesis, spondylolysis, and soft tissue irritation disorders, such as those in the piriform syndrome. Other entities such as sacroiliac joint dysfunction, facet syndrome, dural ectasia, perineural or ganglion cysts, and collagen disorders (Ehlers-Danlos syndrome) are less well-differentiated causes of LBP and are usually clinically diagnosed. To evaluate degenerative spine disorders, it is necessary to determine the character of pain, whether it be LBP alone or associated with radicular symptoms, symptomatic neurogenic claudication, or, rarely, myelopathy. Clinical history of onset and duration of symptoms, age, presence of a congenital disorder, and spinal deformity help to differentiate among the more common degenerative lesions. MRI and CT/myelogram are most commonly used to evaluate degenerative spine disorders.






Spinal Stenosis


Whether acquired, as in the elderly, or congenital (e.g., in the achondroplastic dwarf), spinal stenosis has a common clinical presentation.72 The classic bilateral low back, buttock, and thigh pain, consistent with neurogenic claudication associated with activity, can be present whether the patient is standing (94%) or has walked a short distance.72 Neurogenic claudication must be differentiated from vascular claudication. The clinical picture of vascular claudication reveals progressive calf pain after ambulation, with associated decreased peripheral pulses and chronic tissue changes seen in cool distal extremities. Spinal stenosis is a clinical entity with radiologic confirmation of a decreased spinal canal observed on axial MRI or CT/myelogram views.









Spondylolisthesis and Spondylolysis


Spondylolisthesis and spondylolysis are common causes of back pain in both the pediatric and adult population, with L5 the most common site of involvement.72-74 The adult population tends to have a more vague and insidious presentation, with back pain as the most common complaint, followed by claudication and hamstring tightness, probably caused by concurrent spinal stenosis. Approximately 20% have spine deformity that can be detected on physical examination.









Herniated Nucleus Pulposus


Herniated nucleus pulposus is a common cause of radicular pain in adults ages 30 to 40. Only 35% of those who present with a herniated nucleus pulposus experience sciatica. The pain is usually sharp and follows a dermatomal pattern. Diagnosis includes clinical findings consistent with the affected nerve root in the form of sensory, reflex, or motor deficits.7,8


Other causes of back pain that may present in either a radicular pattern or with diffuse symptoms are a conjoined nerve root or perineural cyst; both may be detected by MRI.









Scoliosis


Scoliosis represents another potential cause of back pain in adults who suffer from LBP. Lumbar degenerative scoliosis with a Cobb angle greater than 10 degrees is reportedly present in approximately 7.5% of the adult back pain population, with an increasing prevalence with age.75-80 As age increases, the proportion of women who have scoliosis as a cause of both back pain and radicular symptoms increases.75-80















Neurologic Deficits


Spinal cord and column dysfunction can be manifested by a variety of pain, motor, sensory, muscle tone, and bladder disturbances. Pain can be of local, radicular, or diffuse (dull ache) origin. Motor weakness can range from complete and acute to chronically progressive, taking the form of clumsiness. Sensory disturbances include dysesthesias, paresthesias, or complete anesthesia. Muscle tone abnormalities range from atonia to spasticity. A spinal lesion results in either a spastic or an atonic bladder, depending on the level of the lesion. Pathologic processes of the spinal cord and column caused by congenital, traumatic, vascular, neoplastic, infectious or inflammatory, degenerative, or environmental causes generally reflect a spinal cord syndrome in the form of neurologic deficit with one or a combination of the aforementioned symptoms.


The time course of a neurologic deficit, in conjunction with a spinal cord syndrome, helps to formulate a differential diagnosis. This diagnosis of spinal cord dysfunction can then be grouped broadly into a compressive or noncompressive neurologic lesion that is further classified by the time course of deficit progression.






Congenital Lesions


In the majority of significant neural tube developmental disorders, a physical examination at birth reveals a spine defect, with or without neurologic dysfunction. Other disorders such as tethered cord or congenital scoliosis may remain occult until symptoms present, secondary to spinal column growth. These lesions will be discussed further in Chapter 7.









Trauma


Patients who present with a history of trauma provide an obvious clue to the differential diagnosis of their acute spinal cord dysfunction. Traumatic injury of the spinal cord and column can be either direct or indirect. In direct trauma, often a knife or gunshot assault, there is violation of the dura mater. In indirect trauma caused by fracture-dislocation, pure fracture, or pure dislocation, the dura mater is often intact. Mechanisms of indirect trauma include flexion, extension, rotation, and compression. Other causes of spinal cord malfunction after trauma include spinal cord contusion, compression of adjacent vessels with resultant ischemia, and epidural compression caused by hemorrhage.


Posttraumatic syringomyelia should be included in the differential diagnosis of any patient who develops deterioration of motor function with an ascending sensory level after traumatic quadriparesis or paraparesis. Approximately 11% of all cases of syringomyelia are reported to be caused by trauma, whereas 3% of cases with severe cervical trauma with paraplegia/quadriplegia are said to result in posttraumatic syringomyelia.81,82 Its course of symptom development ranges from 2 months to 36 years. It is found most often in the thoracolumbar region. Clinical presentation involves pain, ascending sensory level, motor deficits, and loss of reflexes above the previous lesion. MRI is the imaging procedure of choice to evaluate for a posttraumatic syrinx.









Vascular Lesions


Acute or rapid subacute onset of paraplegia or quadriplegia without evidence of trauma suggests a vascular event involving the spinal cord. A slowly progressive myelopathy or radiculopathy can also be caused by vascular etiologies. These causes include occlusion, inflammatory disorders, hemorrhage, and vascular malformations.






Ischemia


Individuals with circulatory insufficiency in the legs may harbor disease of the abdominal aorta with resultant spinal cord ischemia. Thromboembolic occlusion of spinal segmental arteries (e.g., the artery of Adamkiewicz) and dissection, clamping, or severe atheroma of the aorta are the most common causes of spinal cord infarction.83 The anterior cord syndrome is a typical clinical presentation of ischemic spinal cord insult. The midthoracic level is the most common site of ischemia because it lies in a vascular watershed zone.


In the less common cases of painless infarction of the spinal cord caused by systemic hypotension, low thoracic and lumbosacral spinal cord central gray matter involvement is observed. Vasculitis and systemic embolism are rare causes of spinal cord ischemia. Polyarteritis nodosa and primary granulomatous angiitis, a neural vasculature disorder without systemic involvement often found with lymphoma, are rare causes of a sometimes painful acute or chronic myelopathy.84,85 Among the vascular causes of paraplegia and quadriplegia, anterior spinal artery thrombosis is the most common. Although occlusion of the anterior spinal artery is uncommon, ischemia, in its region of supply, occurs relatively often. This is usually caused by disease of the aorta or segmental branches that supply the anterior spinal artery. The anterior spinal artery syndrome, also known as anterior cord syndrome, consists of motor paralysis (upper and lower motor neuron), dissociated sensory loss (pain and temperature), and sphincter paralysis. It results from an infarction in the region of the anterior spinal artery that supplies the vertical two thirds of the spinal cord and is usually the consequence of thrombotic atherosclerotic disease, aortic dissection, embolization, or vasculitis (particularly polyarteritis nodosa). The posterior columns are usually spared, which aids in the diagnosis. This syndrome may result as a complication of aortic angiography, cross-clamping of the aorta for more than 30 minutes, or spine trauma with resulting direct compression of the ventral spinal cord and adjacent vessels.86,87 Spinal hemorrhages are usually apoplectic in nature, with rapidly developing paralysis and sensory loss. They may occur within the epidural or subdural spaces or within the spinal cord. Trauma, anticoagulant therapy, and vascular malformation are the primary causes.









Vascular Malformations


Spinal vascular malformations are an uncommon cause of neurologic deficit, representing only 10% of spinal epidural hemorrhages.88,89 More commonly, spinal intradural and extradural malformations present with chronic progressive myelopathy or radiculopathy. Spinal vascular malformations are usually divided into three groups: dural arteriovenous fistulas, intradural vascular malformations, and cavernous angiomas. A vascular malformation infrequently (<3% of cases) may produce an audible bruit over the spinal cord. Dural arteriovenous fistulas occur most often in patients over age 40 and may be exacerbated by changes in posture or activity. These lesions almost always affect the lower half of the spinal cord and produce symptoms in the legs, bladder, and bowel. In contrast, patients with intradural vascular malformations become symptomatic before the age of 40 and often present with an acute onset of symptoms caused by hemorrhage.89-92


MRI has replaced myelography as the initial diagnostic study to evaluate these patients; intradural spinal AVMs present as serpentine areas of low signal intensity in the subarachnoid space as a result of signal voids produced by blood flowing in the dilated tortuous vessels. T1-weighted MRI images of intramedullary AVMs usually reveal a low-intensity signal that may be associated with focal widening of the cord. In contrast to MRI, myelography findings are universally abnormal in these fistulas and demonstrate the presence of the lesion, with the exception of cavernous angiomas. In the search for a spinal AVM with a negative MRI and myelogram, arteriography would rarely be indicated. Spine arteriography, however, should be performed in all patients with spinal AVMs that have been diagnosed by means of other studies.93-95


Histologically similar to their intracranial counterpart, cavernous angiomas are intramedullary lesions that are characterized clinically by sensorimotor disturbances over an acute or subacute period. These rare lesions of the spinal cord are characterized by acute neurologic dysfunction with intervening episodes of varying recovery.96-98 They are found most often in thoracic and cervical locations. Cavernous angiomas may not be apparent on findings from myelography, CT imaging, or spine arteriography. MRI remains the investigative procedure of choice, usually revealing residual blood of subacute and chronic hemorrhage, characterized by mixed high- and low-signal components.97


Foix-Alajouanine syndrome is a rare form of necrotic myelopathy that results in slowly evolving myotrophic paraplegia in adult males. It has been attributed to spinal venous thrombosis, although its exact nature remains controversial.99,100


Trauma to the cervical column can also be a cause of vascular lesions of the spinal cord. These lesions include compression of adjacent vessels, dislocations with dissection or occlusion of the vertebral arteries, or spontaneous epidural hematomas caused by tearing of bridging veins. The time course until the lesion appears ranges from acute to subacute, depending on the type of traumatic vascular injury.












Demyelinating Lesions


Although demyelination might not be the exact pathologic process encountered in the following diseases, this discussion includes disorders, whether inflammatory or destructive, that involve myelin. These disorders include multiple sclerosis (MS) and transverse myelitis (TM).






Multiple Sclerosis


The clinically definite diagnosis of MS requires the presence of six items:




1. Objective CNS dysfunction


2. Two or more sites of CNS involvement


3. Predominant white matter involvement


4. Relapsing-remitting or chronic (>6 months) progressive course


5. Age of onset between 10 and 50 years


6. No better explanation of symptoms





Poser et al.101 modified these criteria by enhancing the clinical diagnosis with laboratory studies that include analysis of the spinal fluid, evoked potentials, and imaging studies.


The clinical picture of transverse myelitis related to MS accounts for only 0.6% of initial symptoms in these patients. In the majority of these cases, symptoms other than impairment of spinal cord function precede the myelopathy. The most common initial symptoms are limb weakness, paresthesia, optic neuritis, diplopia, vertigo, and urinary difficulty. These are followed by upper and lower motor neuron weakness, spasticity, increased or depressed muscle stretch reflexes, pain, Lhermitte sign, intranuclear ophthalmoplegia and nystagmus, ataxia, impotence, hearing loss, affective disorder, and dementia. Bladder spasticity as an initial presenting symptom is also common. The symptoms and signs may be worsened by exercise or increased temperature (Uhthoff phenomenon). In cases of progressive myelopathy, MS should be differentiated from compressive lesions, leukodystrophies (specifically adrenomyeloneuropathy), and familial spinal cerebellar degeneration. There are a number of MS variants, including neuromyelitis optica or Devic disease, which is a rare form of a rapidly progressive demyelination that is restricted to the optic nerves and the spinal cord.


Among neuroimaging studies, MRI is the modality of choice to confirm the diagnosis. In general, the MRI scan is positive in 85% to 95% of clinically definite MS patients.102 The clinical diagnosis is supported by laboratory studies, including CSF examination, which may reveal a lymphocytic pleocytosis (usually fewer than 25 cells/mm3), and normal or increased protein. Oligoclonal bands, lymphocytic reactivity to myelin basic protein, and an elevated IgG/Alb ratio are other laboratory findings that can support a diagnosis of MS.









Transverse Myelitis


Transverse myelitis is a nonhomogeneous group of idiopathic inflammatory processes defined as isolated spinal cord dysfunction over hours or days in patients who demonstrate no evidence of a compressive lesion.103,104 Transverse myelitis can occur in acute, subacute, or chronic forms. Only the acute forms are discussed here. Transverse myelitis caused by other etiologies usually follows a longer time course and is discussed in later text.


Acute transverse myelitis can be subdivided into the autoimmune and necrotizing types. They are differentiated by an acute versus a subacute time course and associated illness. Autoimmune acute transverse myelitis usually occurs after a viral illness or in association with other autoimmune disorders, such as MS or lupus erythematosus. In several reviews of this process, 37% of patients reported a preceding febrile illness. The initial symptoms were paresthesias, back pain, or leg weakness. The maximal neurologic deficit develops within 10 days in the majority of cases.104-106 Patients with partial myelitis may have a higher frequency of subsequently developing MS.106 Acute transverse myelitis has been associated with systemic vasculitis, as in systemic lupus erythematosus, as well as with heroin abuse. Symptoms occur over days to weeks, most commonly in the thoracic spinal cord. Symptoms include ascending paresthesias, weakness, and urinary retention.


Necrotizing acute transverse myelitis (Foix-Alajouanine syndrome) is an acutely progressive necrotizing myelitis that occurs over hours to days.99,100,107 Clinical manifestations in the typical patient of adult years consist of severe paralysis preceded by tingling or loss of sphincter control. During the acute phase, MRI is normal in approximately half of the cases and is nonspecific in the remainder. Focal spinal cord enlargement on T1-weighted and poorly delineated hyperintensities on T2-weighted scans are the most commonly identified abnormalities. Occasionally, contrast enhancement is observed. Diagnosis is based on the clinical picture and absence of other potential causes of acute myelopathy on MRI, such as acute disc herniation hematoma, epidural abscess, or compression myelopathy.












Degenerative Disorders


Degenerative disorders encompass a broad spectrum of diseases that affect the spinal cord and column. Diseases of the spinal column often present with a combination of pain and neurologic deficits; these were discussed in the section dealing with pain as a primary presenting symptom. Degenerative diseases of the neural tissue are generally referred to as motor neuron diseases and include upper motor neuron syndromes, lower motor neuron syndromes, and disorders that combine upper and lower motor neuron syndromes.






Upper Motor Neuron Syndromes


These rare diseases, which are both inherited and acquired, exhibit degeneration of the descending corticospinal or corticobulbar tracts, with variable involvement of the large pyramidal neurons in the motor cortex. The archetypical disorders in this group are hereditary spastic paraplegia (Strümpell syndrome) and lathyrism, respectively. Hereditary spastic paraplegia is a clinically and genetically heterogeneous disorder that presents with progressive spasticity and mild weakness in the lower extremities. It is inherited more commonly through the autosomal dominant trait. However, in some families, autosomal recessive and rare forms of X-linked inheritance have been reported. Almost 75% of those affected demonstrate difficulty in walking at presentation. Lower extremity spasticity, hyperreflexia, and extensor plantar responses are usually encountered in established cases.


Diagnosis is based on the family history and physical findings and is supported by selected laboratory studies. Peripheral sensory and motor conduction studies, as well as myelography, are usually normal. The peroneal H-reflex, which is normally absent without reinforcement, is obtained in clinically definite cases and in most of those who may be affected. Low-amplitude or absent somatosensory-evoked potentials from the upper- and lower-extremity nerves and slowed spinal cord conduction are usually found. CSF is usually normal; however, elevated levels of protein (≤100 mg/dL) have been reported.


Adrenoleukodystrophy should also be considered in cases of progressive paraplegia. This X-linked recessive disorder of males, manifested most commonly in children, may also be present in adults as adrenomyeloneuropathy, which is a related form. This condition is usually detected in patients older than age 20 who often present with a progressive paraparesis. Unlike hereditary spastic paraplegia, the onset of symptoms is usually abrupt. The motor findings are commonly accompanied by permanent sensory loss in the legs and sphincter dysfunction.









Lower Motor Neuron Syndromes


This group of diseases is dominated by inherited disorders. Spinal muscular atrophy (SMA) is the second most common childhood neuromuscular disease after Duchenne muscular dystrophy, with an estimated 1 in 40 Caucasians harboring a gene for this condition. Degeneration of the anterior horn cells in this group of disorders leads to progressive weakness, characteristic muscle atrophy, and hyporeflexia. Fasciculations are occasionally observed, but sensory involvement, corticospinal tract involvement, and sphincter involvement are absent. In severe childhood cases, contractures and skeletal abnormalities develop. Nerve conduction studies and electromyography are diagnostic and allow differentiation from clinically similar disorders. Nerve conduction studies are usually normal in sensory and motor nerves. Electromyography reveals evidence of denervation in the form of fibrillations, fasciculations, and positive sharp waves. These findings are more prevalent in chronic cases. Neurogenic voluntary motor unit potentials and, in advanced atrophy, myopathic potentials, may be observed. Muscle histology shows group atrophy of type I and type II fibers, pyknotic nuclear clumps, and variable fiber hypotrophy.


Proximal SMAs account for nearly 80% of all SMA cases. Type I, acute infantile SMA (Werdnig-Hoffmann disease) is a progressive disease of infancy that accounts for about 25% of all SMA cases. Usually transmitted by an autosomal recessive gene, this condition presents in a third of the cases that demonstrate decreased fetal movements in the last trimester of pregnancy. The majority of affected infants are floppy at birth. The disease is almost uniformly fatal, usually in the sixth or seventh month of life. About 95% of affected children die by the age of 18 months.108


Type II (late infantile and juvenile-onset SMA) constitutes the largest group of these muscular atrophies. This group of childhood diseases includes cases of arrested Werdnig-Hoffmann disease, SMA type II and III, and Kugelberg-Welander disease. In the majority of cases, clinical onset occurs by 5 years of age and is often preceded by infection or immunization. Pelvic and pectoral girdle muscles are weak and atrophied almost universally; tongue and limb muscle fasciculations are common. There may be associated cranial nerve involvement, muscle pseudohypertrophy, mental retardation, hand tremor, and occasionally an eversion deformity of the feet. Electromyography is the study of choice to differentiate this disease from muscular dystrophies. The median survival time is more than 12 years.


Type III (adult-onset) SMA usually develops between the ages of 20 and 50 years with proximal symmetrical muscle weakness, especially in the lower extremities. As in children with the disease, limb girdle weakness and muscle atrophy are typical. The involvement of the face and tongue is more common in adults than in children and occurs in up to half of adult-onset cases, especially in those with a dominant genetic pattern for this disease.


Distal SMA (progressive) (Charcot-Marie-Tooth disease) is a genetically heterogeneous disorder, accounting for about 10% of all cases of SMA, and is mentioned here because it also accounts for 3% to 6% of all cases of the peroneal muscular atrophy syndrome. The scapular-peroneal form is an even less common disorder that belongs to this group, accounting for about 7% of all SMA cases.


Included among the acquired disorders in this group is the poliomyelitis (postpolio) syndrome (postpolio myelitis muscular atrophy, late effects of poliomyelitis, and late progression of old polio myelitis). The postpolio syndrome is defined as a new onset of muscle weakness, pain, and fatigue many years after recovery from acute paralytic poliomyelitis. The new symptoms usually occur 30 to 40 years after acute polio. The age at presentation is between 40 and 50 years. Patients present with fatigue, joint pain, muscle pain, progressive weakness, and atrophy, particularly in previously affected muscles. The following criteria for the diagnosis of postpolio muscular atrophy have been proposed: (1) documented past history of acute paralytic poliomyelitis, (2) incomplete to fairly complete neurologic and functional recovery, (3) a period of neurologic and functional stability of at least 15 years, (4) documented new-onset muscle weakness and/or atrophy in an asymmetrical distribution in previously involved and/or uninvolved muscles, usually with unaccustomed fatigue, (5) electrophysiologic evidence of acute denervation superimposed on chronic denervation-reinnervation, and (6) no other cause demonstrated.









Combined Upper and Lower Motor Neuron Syndromes


Amyotrophic lateral sclerosis (also known as Charcot disease or motor neuron disease) is found in adults and results from degeneration of the upper motor neuron and lower motor neuron.109,110 The prevalence of amyotrophic lateral sclerosis is four to six individuals per 100,000, and it is familial in 8% to 10% of cases. Familial cases usually follow autosomal dominant inheritance but occasionally demonstrate a recessive pattern.109-111


The clinical picture of Charcot disease usually consists of weakness and atrophy of the hands (lower motor neuron), with spasticity and hyperreflexia of the lower extremities (upper motor neuron). Voluntary eye muscles and urinary sphincter muscles are usually spared. If the involvement of lower motor neuron to lower extremities predominates, the hyperreflexia may be replaced by hyporeflexia. As the disease progresses, dysarthria and dysphagia ensue as a combination of upper and lower neuron pathology; tongue atrophy and fasciculations may be seen. Emotional lability is encountered, but only 1% to 2% of cases are associated with dementia. Approximately 20% of patients with corticospinal tract involvement show a Babinski sign. In the familial form, lower motor neuron involvement at presentation is more common (58%), particularly in the legs. Dementia is more often present (15%). Clinical diagnosis is confirmed by electrophysiologic studies.












Miscellaneous Disorders






Subacute Combined Degeneration


Subacute combined degeneration of the spinal cord, caused by a deficiency of vitamin B12, is uncommon today because of the relative ease of diagnosis and treatment. However, when B12 levels are reduced for a prolonged period, neurologic sequelae ensue shortly after the anemia. Clinically, this condition presents with both sensory and motor symptoms consistent with thoracic dorsal column involvement, including paresthesias in the feet and loss of vibratory and positional sense. Diagnosis is made through laboratory studies that demonstrate a decreased B12 level and a neurologic examination that is consistent with a posterolateral syndrome. Treatment is with vitamin B12112,113 Incomplete paraplegia or quadriplegia may accompany myasthenia gravis, an autoimmune disease caused by a defect in neuromuscular transmission with an incidence of 3 per 100,000. Ocular, motor, and bulbar involvement, as well as preserved sensation, often point to the correct diagnosis. A rather stable, nonprogressive myelopathy is observed in degenerative spinal cord diseases, such as hereditary spastic paraplegia or spastic diplegia of cerebral palsy.


Guillain-Barré syndrome, diphtheria, acute intermittent porphyria, toxic peripheral neuropathies (thallium poisoning), or the poorly understood immune response to malignant neoplasms (so-called paraneoplastic syndromes) may present in the form of a subacute myelopathy and evolve over weeks. The symptoms include an ascending or a descending pattern and may produce a combination of upper and lower motor neuron signs. The prognosis for paraneoplastic syndromes is invariably poor.









Guillain-Barré Syndrome


This syndrome is the most common acquired demyelinating neuropathy, characterized by an acute onset of peripheral nerve dysfunction, usually after a viral illness. It presents clinically with symmetrical limb weakness and/or paresthesias.114 This disease is distinguished from the aforementioned causes of peripheral neuropathies by a history of toxin exposure or ingestion and its tendency to affect proximal muscles initially.









Familial Periodic Paralysis


Diseases that affect primary muscles are rarely acute in their onset. However, in so-called periodic paralysis, attacks of generalized muscle weakness may evolve over minutes to hours. The patient with familial periodic paralysis usually has a medical history of similar attacks or a positive family history. This condition, which is associated with disturbances of serum potassium, is a disease of the young, with initial attacks occurring around puberty.115 It is extremely rare, with only a few cases being reported each year. Clinically, patients present with weakness or paralysis of either the legs or all muscle groups, usually after a period of rest.









Paraneoplastic Syndromes


These conditions are also common causes of neurologic deficit. Between 7% and 15% of patients with systemic cancer display remote effects of the malignancy known as paraneoplastic syndrome. In more than 50% of these patients, the paraneoplastic symptoms precede diagnosis of the primary cancer. Underlying pathology includes inflammatory, vascular, and autoimmunologic changes. Vascular states are characterized by hypercoagulability, venous thrombosis, nonbacterial or marantic endocarditis, and intravascular coagulopathies. Autoimmune syndromes include myasthenia gravis, the myasthenic syndrome of Eaton-Lambert, and the polymyositis-dermatomyositis complex. The cerebellar syndromes with cortical cerebellar degeneration and myoclonic encephalopathies are thought to have underlying immunologic causes.















Conclusion


The differential diagnosis of pathology of the spine is vast. Therefore, an attempt has been made to delineate the most common causes by age, location, character, site of pain, rapidity of onset, and severity of neurologic deficit and associated systemic illness. The following observations are used to classify spine pathology: (1) the presence or absence of spinal region pain, (2) the characteristics of the pain, (3) the presence or absence of neurologic deficit, (4) the characteristics of the deficit, and (5) the presence of systemic signs and symptoms. Each patient is entered into an algorithm created from these five classifications after a thorough history and physical examination. With this information, further laboratory and radiologic evaluation can proceed, and ultimately, a diagnosis with appropriate surgical or medical management usually can be achieved.
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Chapter 5 Functional Anatomy of the Spine
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The spine is a complex structure with bony, ligamentous, muscular, and neurologic components. Knowledge of the anatomy and associated pathology of the spine is essential for treating patients with spinal disorders. The focus of this chapter is to develop an understanding of the anatomic and more specifically the functional relationships between these components.






Overview of the Vertebral Column and Spinal Cord


The human spinal column consists of 33 vertebrae separated into five anatomic regions. These regions include 7 cervical (C1-7), 12 thoracic (T1-12), 5 lumbar (L1-5), 5 sacral (S1-5), and 4 coccygeal bones (Fig. 5-1). In utero development plays a large part in the formation of the adult spine, contributing to the primary curvatures: kyphosis in the thoracic and sacral regions. Late in utero, after the development of the primary curvatures and continuing through early childhood, the secondary curvatures of the spine develop (Fig. 5-2). The cervical and lumbar lordosis becomes significant because of the gravitational forces created by the weight of the head and upright posture.1 The positions taken by the cervical and lumbar spine allow for horizontal gaze while standing in an upright posture.
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FIGURE 5-1 A dorsal view of the spine demonstrating the cervical, thoracic, and lumbar regions.
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FIGURE 5-2 A lateral view of the spine demonstrating the cervical, thoracic, and lumbar regions. The primary thoracic kyphosis and secondary cervical and lumbar lordosis are illustrated.




The development and maintenance of spinal anatomy and posture are not static and vary individually. Variations with intervertebral discs and vertebral bodies can be potentiated by congenital anomalies, age-dependent vertebral changes and osteophyte formation, traumatic injuries, neurologic disorders, and paraspinal muscle imbalances. Commonly occurring variations include sacralization of the fifth lumbar vertebra or lumbarization of the first sacral vertebra, Klippel-Feil anomaly in the cervical spine, and anomalous nerve root anatomy. A myriad of reactive changes may be seen as a response to spinal deformity. The flexibility of the spine may allow a patient to compensate for a deformity in one region with a change in curvature in another. However, a deformity may become so profound that an individual may be severely disabled.


The flexibility of the spine varies from region to region and is based on anatomic constraints. The cervical spine offers the greatest flexibility because of the requisite mobility of the head. This is in contrast to the rigidity of the thoracic spine due to its association with the chest wall.2 Unique articulations in the cervical region afford flexibility such as those found between the skull-atlas and atlas-axis (C1-2). Flexibility at other regions of the spine is influenced by cartilaginous discs between vertebral bodies and apophyseal joints found dorsal to the vertebral arches, all developed in a manner to provide optimum stability, flexibility, and mobility. The center of gravity of the spinal column and that of the body do not pass through the same points. The former begins cranially at the odontoid process of the axis and passes caudally through the sacral promontory.3 The latter passes ventral to the sacral promontory caudally. Disability may occur if the center of gravity deviates from the normal position. Studies have found that when the center of gravity passes too far ventral to the sacrum so the work required to maintain erect posture is significantly increased, lumbar muscle fatigue and pain result.


Normal physiologic function is supported by the ligaments and joint capsules of the spine. The ligaments of the spinal column are composed of elastin and collagen3,4 and may span several segments. The anterior longitudinal ligament (ALL) spans the entire length of the spinal column, extending from the ventral border of the foramen magnum (basion), where it is known as the anterior atlanto-occipital membrane, to the sacrum. The ALL spans 25% to 33% of the ventral surface of the vertebral bodies and intervertebral discs, supporting the annulus fibrosus and preventing hyperextension. The ALL is arranged in three layers: the outermost spanning four to five levels, the middle layer spanning three levels and connecting vertebral bodies and intervertebral discs, and the innermost layer binding adjacent vertebral discs. The posterior longitudinal ligament (PLL) begins as the tectorial membrane at C2 and extends to the sacrum. The PLL runs within the vertebral canal and flares at the level of the intervertebral disc where it is interwoven with the annulus fibrosus and narrows at the vertebral bodies, where it is loosely attached. The layers of the PLL are similar to the ALL but function to prevent hyperflexion.


Interspinous and supraspinous ligaments provide stability to the dorsal elements of the spinal column. Ligamenta flava connect spinal laminae in a discontinuous fashion and are intertwined with the facet joint capsule. The proximal insertion of the ligamentum flavum is the ventral part of the cranial lamina extending to the dorsal part of the caudal lamina. Laterally, the ligamentum flavum is in contact with the ventral capsule of the facet joint. These attachments are significant when excision of the ligamentum flavum is necessary to alleviate spinal stenosis. The microscopic anatomy of the ligamentum flavum is unique due to its approximately 80% elastin content. This is the source of the yellow appearance and the nickname “yellow ligament.” The elasticity of the ligamentum flavum allows it to stretch during flexion without limiting motion and allows it to become taut when returning to neutral and during extension. As a person ages, the elastin is replaced with a higher percentage of collagen, causing it to become less elastic, which may lead to buckling into the spinal canal.


The spinal cord is a 40- to 45-cm long structure extending from the foramen magnum to the L1-2 spinal level. The cord transitions at this point into a collection of nerve roots known as the cauda equina. Spinal nerve roots exit neural foramina and consist of a dorsal sensory and ventral motor root, with the exception being C1 and C2 contributions to the spinal accessory nerve. The outermost membranes, or meninges, which cover the spinal cord, are the dura, arachnoid, and pia—the innermost layer of the meninges. Suspension of the spinal cord is accomplished by the dentate ligaments, which interconnect the innermost pia with the outermost dura matter. The spinal cord is divided into regions much like the spine: 8 cervical, 12 thoracic, 5 lumbar, and 5 sacral regions and 1 coccygeal region. The nomenclature of the nerve roots is as follows: the first seven cervical nerves exit above their named vertebrae, with the eighth cervical nerve and all spinal nerves below exiting below their named vertebrae.


The spinal cord is part of the central nervous system and like the brain it is mapped in a somatotopic arrangement. The corticospinal tracts are responsible for motor function. Within these tracts control of the hands is found medially and control of the feet is found laterally. The spinothalamic tracts transmit sensory information, with hand sensation found ventromedially and sacral sensation dorsolaterally. Lumbar regions of the posterior columns of the spinal cord have sacral segments located medially and upper lumbar regions laterally.


Spinal canal dimensions provide adequate space for the spinal cord in all segments except for the midthoracic region. Here, the risk of neural tissue impingement during surgical instrumentation is increased. The lumbar region has a consistent spinal canal size and, along with the cauda equina, the anatomy functions to limit nervous tissue damage due to trauma or degenerative changes.5


Decreases in canal dimensions may result in radiographic and clinical spinal stenosis. These decreases in canal size may be either congenital, generally presenting at a younger age, or acquired, presenting at a later age due to degenerative changes. Stenosis is a self-perpetuating loop often beginning with disc degeneration leading to alterations in mechanical stress that cause facet joint degeneration and ligamentous changes, with an end result of a decrease in the canal space. Spinal stenosis may lead to changes in intradural pressure that diminish the blood flow to nerve roots and alter axonoplasmic flow. Acute nerve root constrictions have substantial edema, which can slow electrical conduction and nutrient transport and which are more substantial than chronic conditions. There is also an inflammatory component to stenosis that alters neuropeptide concentrations.









Vertebrae


The intricate design of the vertebrae provides stability to the spinal column along with support and protection for the spinal cord and associated nerve roots. The compressive forces are significant in a stacked column, and the cortical lamellae are arranged vertically to aid in resisting these forces. The cancellous bone found in the inner trabeculae allows for a compromise between strong mechanical support and limiting vertebral weight. All of the structures coincident with the vertebral bodies act to bear weight in compression. The anterior column functions to transfer body weight to the pelvis while standing in an erect posture. Dorsal elements of the spinal column serve to protect the spinal cord. The dorsal elements also function as a tension band and a lever, transferring muscular contractions of the paraspinal musculature through the anterior and middle columns of the spine.


The dorsal bony elements include the pedicles, which arise from the superior aspect of the vertebral body and form the lateral walls of the spinal canal. The laminae extend from the pars interarticularis and fuse to form the dorsal wall of the spinal column. The junction of the laminae, where the spinous processes arise, support functional stability of the spine with their ligamentous and muscular attachments. The relationship between the transverse processes and the dorsal elements is unique to the specific spinal region where they are found. Cervical transverse processes arise from the junction of the vertebral body and pedicle. The shape of cervical spinous processes are bifid, resulting in the great flexibility of the cervical region. Thoracic and lumbar transverse processes have a different anatomic relationship with the dorsal elements, arising from the junction of the pars interarticularis and pedicle. Stability and motion to the spine are also provided by transverse processes with their unique ligamentous and muscular attachments.


Flexion, extension, and rotation of the spine are supported, facilitated, and restricted by the facet joints. A facet joint consists of a superior articular process with an articulating surface projecting dorsally, which is met by the adjacent vertebra’s inferior articular process that projects its articulating surface ventrally. The synovial joint formed by the two processes consists of a thin layer of hyaline cartilage between matching articulating surfaces, lined with synovium and surrounded by a joint capsule. Although limited in size, the facet joints provide constraints to extremes of spinal motion.






Atlas (C1) and Axis (C2)


The first cervical vertebra is unique in its articulation with the occipital condyle of the cranium. This articulation is the basis for significant flexion and extension of the head. Another unique aspect of the atlas is that although it lacks a true ventral body it still supports the cranium by the superior facet surfaces of the lateral masses (Fig. 5-3A). The caudal facet surfaces of the lateral mass articulate with the superior facets of the axis (Fig. 5-3B). The transverse process of the atlas houses the vertebral artery within the transverse foramina. Superior and inferior oblique muscles attach to the transverse process. The atlas is hydrostatically held between the cranium and axis. The anterior and posterior occipital membranes attach to the atlas and also contribute to stability. They are continuations of the anterior longitudinal ligament and ligamentum flavum, respectively.
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FIGURE 5-3 The anatomy of the atlas (C1) demonstrating its unique osseous anatomy with noted lack of an anterior body and large lateral masses. Superior (A) and inferior (B) views.




The axis is the second cervical vertebra. The articulation between the atlas and axis, known as the atlantoaxial joint, contributes to the majority of cervical rotation and stability to the upper cervical region. Unlike the atlas, the axis does have a true vertebral body and a unique structure known as the odontoid process projecting cranially from its dorsal aspect (Figs. 5-4A–C). The alar, cruciform, and transverse ligaments are anchored to the odontoid process. Further stability of the cervical region is contributed to by the muscular attachments at the spinous process of the axis, which include the rectus major and inferior oblique muscles. Like the atlas, a transverse foramen encases the vertebral artery.
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FIGURE 5-4 The anatomy of the atlas (C2) demonstrating its unique osseous anatomy with its large anterior dens that allows for 50% of the cervical spine’s rotation through its articulation with the atlas. Lateral (A), superior (B), and anterior (C) views.




Ligamentous anatomy of the cervical spine is unique, providing support for the head and maintaining stability despite the tremendous flexibility of this region. Ligaments exist both within and outside of the spinal canal. Much of the stability of the craniocervical region is provided by the ligaments within the spinal canal, which are ventral to the spinal cord. These are arranged in three layers. The tectorial membrane is the most dorsal of these ligaments and is a continuation of the PLL, attaching dorsally to the cruciate ligament at the basiocciput. The cruciate ligament is the middle layer and functions to constrain ventral translation between C1 and C2. It is a complex ligament with both horizontal and vertical bands. The odontoid ligament, or apical ligament, is the most ventral of the inner ligaments and extends from the lateral aspect of the odontoid to the medial aspect of the occipital condyles. Outside of the spinal canal are fibroelastic bands extending from the foramen magnum to C1. From the ventral portion of the foramen magnum extends the anterior atlanto-occipital membrane. From the dorsal foramen magnum arises the posterior atlanto-occipital membrane. Because these are thin bands, their contribution to the strength of the cervical spine is limited.









Subaxial Cervical Vertebrae (C3-7)


The remaining cervical vertebrae share anatomic features and may be considered separately from the atlas and axis. They are the smallest in size compared with all other regions of the spine and begin the trend of gradually increasing in size with each successively lower level. Descending down the spine, more body weight is supported, which is why the vertebrae increase in size. The end plates of the vertebrae in this region are concave superiorly and convex inferiorly, and they articulate to form the uncovertebral joints (joints of Luschka) (Fig. 5-5). These joints are often the site of arthritic changes, which can cause nerve root impingement. The position of the subaxial cervical spine affects the relative size of the neural foramen (Figs. 5-6A–C). Clinically, this is demonstrated by the Spurling maneuver. If the volume of the neural foramen is compromised by an osteophyte or disc fragment, pain can be elicited by tilting the head toward the affected side, which further reduces the foramen volume.
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FIGURE 5-5 Dorsal view of the anatomy of the atlas subaxial cervical spine.
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FIGURE 5-6 The alignment of the cervical spine greatly affects the volume of the neuroforamen. A, The subaxial cervical spine positioned in lateral bending. B, The relative volumes of the neuroforamina (arrows) change with the concave side significantly decreasing in volume. C, The convex side increases relatively in volume. This becomes important in patients with a cervical disc herniation and an already compromised neuroforamen.




Pedicles are short and arise from the midpoint of the vertebral bodies. The laminae are fairly narrow. The spinous processes are bifid, with C7 being the largest (Fig. 5-7). The transverse processes, like the atlas and axis, have vertebral foramen that transmit the vertebral artery. The majority of individuals have vertebral arteries passing through the transverse foramen of C1-6, but in 5% of cases these arteries pass through the foramen at C7.6 The facet joints are horizontal, and the facet capsule is weak, which allows for the mobility of the cervical spine.
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FIGURE 5-7 A lateral view of the subaxial cervical spine. Most striking are the orientation of the cervical facet joints and the bifid nature of the spinous processes, which allow for the extremes of cervical motion.




The ligamentum nuchae is the primary ligamentous structure in the dorsal cervical spine outside of the spinal canal with attachments to the spinous processes. Descending past C7, the ligamentum nuchae transitions into the supraspinous ligament, which extends to the lumbosacral region, ending between L3 and L5.


The range of motion measure at the cervical spine can vary due to age, gender, and method of measurement. Visual estimation and radiography are the primary methods used to measure cervical range of motion. Studies of these measurement techniques on active cervical range of motion have found that, on average, the cervical spine has a total of 151 degrees of rotation, a total of 86 degrees of lateral bending, and a total of 126 degrees of flexion-extension. When considering motion in only one direction, leftward and rightward rotation and lateral bending are, on average, half the total values, whereas the cervical spine has, on average, a greater range of extension than flexion.7









Thoracic Vertebrae


The thoracic region of the spine contains the largest number of vertebrae, which continue to increase in size from T1 to T12. The first four thoracic vertebrae maintain some cervical features, and the last four possess some lumbar features, maintaining a smooth transition between the adjacent regions. The superior vertebral notch is the cervical feature of T1, and the lumbar features of T12 include lateral direction and inferior articular processes. Laminae in the thoracic region are broader than in the cervical spine and overlap, whereas the transverse processes increase in size as they progress down the thoracic spine8 (Fig. 5-8). The spinous processes of the thoracic vertebrae are variably arranged in horizontal, oblique, or overlapping vertical arrangements. Horizontal spinous processes are found at T1-2 and T11-12 and oblique spinous processes at T3-4 and T9-10, with the rest of the thoracic vertebrae possessing overlapping, vertical spinous processes (Fig. 5-9). Thoracic facets are primarily arranged in a coronal plane but develop a sagittal orientation near the junction of the lumbar vertebrae. There is less free space in the spinal canal in the thoracic region compared with both cervical and lumbar regions.
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FIGURE 5-8 The dorsal osseous anatomy of the thoracic spine. The large transverse processes are distinctive. Due to the presence of the rib cage (not shown), the thoracic spine is the least mobile spinal segment.
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FIGURE 5-9 A lateral view of the thoracic spine. The vertebral bodies increase in size from cranial to caudal as the body imparts greater weight and forces on the spinal column.




A characteristic feature of the thoracic vertebrae is the relationship with the ribs.9 The ribs articulate with unique costal facets—found where the vertebral body and pedicle meet—as well as on transverse processes, with T10-12 being exceptions to facets on transverse processes. The thoracic spine has maximum stiffness relative to all regions of the spine, which is a function of the relationship between the rib and vertebrae combined with support from accessory ligaments.9 The “junctional” regions of the spine, such as C7-T1 and T12-L1, are sites of transition from a rigid spinal region to one with maximal spinal motion. These junctional sites are often the sites of natural and iatrogenic pathology.









Lumbar Vertebrae


Descending down the spinal column, we come to the largest vertebral bodies—the lumbar vertebrae (Fig. 5-10). These vertebrae progressively increase in diameter when approaching the sacrum and are greater in transverse width relative to anteroposterior diameter. Within the lumbar region are subregional variations in the anatomy of the vertebrae. These are attributed to the greater weight and forces that these vertebrae must distribute as the spinal column transitions into the pelvis. The L1-2 vertebral bodies have greater depth dorsally, whereas L4-5 vertebral bodies have greater depth ventrally (Fig. 5-11). The two subregions are balanced by the L3 vertebral body, which provides a transitional point between the two. Vertebral body angulation and translation are affected by these locoregional differences in anatomy during flexion and extension. These variations produce changes in intervertebral disc height and foramen cross-sectional area, which are functionally linked to motion during flexion and extension. The variations may be associated with susceptibility at lumbar regions for disc herniation, spinal canal stenosis, and other pathology. Cadaveric studies have shown that in the L4-5 region, flexion results in a greater dorsal disc bulge than in the L1-2 region. The cross-sectional area of the foramen in the lumbar region shows that compared with a neutral position, flexion increases the area by 12% (15 mm2) and extension decreases the area by 15% (19 mm2). The vertebral bodies move closer ventrally and further apart dorsally during flexion, which increases the dimensions of the spinal canal; the opposite occurs during extension.10
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FIGURE 5-10 A dorsal view of the osseous anatomy of the lumbar spine.
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FIGURE 5-11 A lateral view of the osseous anatomy of the lumbar spine.




The cross-sectional area of the nerve root is linked to flexion and extension as well. The nerve roots traverse beneath the lateral recess of the pedicles and articular facets through the intervertebral foramina. Ventral borders of the nerve root are the vertebral body and intervertebral disc, dorsal borders are lamina and facets, and both superior and inferior borders are adjacent pedicles. Because of the locoregional differences in anatomy of the lumbar region, flexion and extension movements alter these borders and result in changes in nerve root cross-sectional area (Figs. 5-12A–C). These changes can be associated with susceptibility to nerve root impingement. Cadaveric studies have found that the neutral cross-sectional area of the L1-2 nerve root is 28.31 ± 10.48 mm; in flexion it increases to 32.37 ± 9.92 mm, and in extension it decreases to 22.97 ± 7.52 mm.10
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FIGURE 5-12 The positioning of the lumbar spine can greatly affect spinal canal volume. A, The neuroforamen volume (arrows) in the neutral position. With lumbar extension (B), the neural foramen decrease in size, and with lumbar flexion (C), the foramen increase in size.




Pedicles in the lumbar region arise from the rostral aspect of the vertebral body. They can be visualized behind the facet of the named vertebra and supra-adjacent vertebra. The diameter of the L1 pedicle is approximately 9 mm with a medial angle of 12 degrees,11 which requires consideration with screw placement. Lumbar facets have a sagittal orientation, which limits axial rotation. The L5-S1 facet is unique, with a coronal orientation that resists anteroposterior translation.2









Sacrum and Coccyx


Five vertebrae, costal ligaments, and transverse processes are fused to create the sacrum. The sacral bodies are separated by transverse lines. Nerves emerge from rounded dorsal and ventral foramina that are lateral to the vertebral bodies. The unique fusion of vertebrae in the sacrum provides strength and stability to the pelvis, and through articulation with the ilea at the sacroiliac joints the weight of the body is distributed to the pelvic girdle. The coccyx is the terminal portion of the spinal column and commonly referred to as the “tail bone.” It can be found as a single fused bone, or the first coccygeal element may be separated from the others. There are no dorsal elements to the vertebrae in the coccyx. The primary function of the coccyx is to serve as a site of attachment for pelvic muscles.












Vertebral End Plates


The vertebral end plates are composed of cortical bone of the vertebral body and cartilage of the intervertebral disc. Approximately 1.3 mm of cortical bone of the vertebral body forms a concave surface that is fused to the thin cartilaginous surface of the intervertebral disc by a layer of calcium known as the lamina cribrosa. Because the intervertebral discs lack a blood supply, nutrients are acquired via passive diffusion from the vertebral end plates. The largest avascular space in the human body is the L4-5 disc space. With aging, the diffusion capacity of the end plate decreases and the disc’s nutrition is compromised, narrowing the disc space and increasing susceptibility to pathology.









Intervertebral Discs


The intervertebral discs are a vital component of the spine, contributing to stability, resisting loads in all directions, and restricting intervertebral motion. Twenty-three intervertebral discs are found, starting between C2 and C3 and extending distally to L5-S1. The discs account for roughly 20% to 33% of the vertebral column height and show regional variations much like the osseous structures, such as increasing in cross-sectional size when descending down the spine. The shape of the discs varies based on region of the spine, ellipsoid in the cervical and lumbar regions and resembling a rounded triangle in the thoracic region. In addition to the cartilaginous end plates, the disc components include an annulus fibrosus and the nucleus pulposus. Each component is linked to the other such that pathology of one affects the ability of the others to carry out their physiologic functions.


The cartilaginous end plate is a thin layer of hyaline cartilage that allows nutrient passage via diffusion to the minimally oxygenated disc center. The annulus fibrosus is composed of an outer layer of alternating type I collagen fibers and an inner fibrocartilage component. With torsion, the alternating collagenous fibers become taut while others are lax, which contributes to limitations in motion. This unique structure forms an attachment along the periphery of the vertebral body that maintains spinal stability in combination with the dorsal structures and the soft tissues.


The nucleus pulposus is bounded peripherally by the annulus fibrosus and both superiorly and inferiorly by the end plates. It is made up of negatively charged proteoglycan molecules and collagen. The negative charge makes the nucleus hydrophilic, which contributes to the extensive water component of the disc. Height and resistance to axial loads is maintained by the hydraulic properties of the fluid surrounded by end plates and the annulus fibrosus. Maintenance of disc height keeps the ligaments and capsules of the spine at optimal length and allows them to function physiologically. With aging, the distinct regions of the intervertebral disc are no longer present, and the proteoglycan content and hydration decreases. As disc height diminishes, increased demands are placed on the annulus fibrosus, thus increasing susceptibility to tears and subsequent herniation. Dorsal structures are also affected by the loss of disc height, including facet subluxation and hypertrophy, which may predispose an individual to nerve root compression.









Muscles


With the majority of body weight ventral to the vertebral body, the musculature of the back is crucial to balancing the forces placed on the vertebral column. The muscles can be divided into extrinsic and intrinsic back muscles. The extrinsic back muscles include the latissimus dorsi, trapezius, rhomboid, and serratus posterior muscles. The latissimus dorsi muscle, innervated by the thoracodorsal nerve, is the most prominent and arises from the spinous processes of the inferior six thoracic vertebrae and fans out to the axilla, functioning to raise the trunk when the arms are fixed. The trapezius muscle, innervated by the accessory nerve, is attached to the spinous processes of C7-T12 and functions in scapular movement. The rhomboids, innervated by the dorsal scapular nerve, are attached to the spinous processes of C7-T1 (minor rhomboid muscle) and T2-5 (major rhomboid muscle) and insert on the scapula. They too function in scapular movement. The serratus posterior muscle has two parts: a superior part innervated by intercostal nerves and attached to the spinous processes of C7-T3, and a caudal part innervated by thoracic spinal nerves and attached to the spinous processes of T11-L2. The two parts function to elevate and depress the ribs, respectively.


The intrinsic muscles of the back are superficially the splenius capitis and cervicis muscles, innervated by the dorsal rami of the cervical nerves. The splenius capitis muscle is attached to the ligamentum nuchae and spinous processes of C7-T4 and inserts on the occiput. The splenius cervicis muscle is attached to the spinous processes of T3-6 and inserts on the transverse processes of C1-4. The two muscles function to laterally flex the neck. The intermediate layer of intrinsic back muscles are the erector spinae muscles, which are a trio of columns. From lateral to medial, they are the iliocostalis, longissimus, and spinalis muscles. The columns overlap and have a common broad tendon attached to the iliac crest, sacrum, sacroiliac ligaments, and lumbosacral spinous processes. The erector spinae muscles are the chief extensors of the spinal column and are innervated by the dorsal rami of spinal nerves. The deep layer of intrinsic muscles are the semispinalis, multifidus, and rotatores muscles. All are innervated by the dorsal rami of the spinal nerves. There are three semispinalis muscles: capitis, cervicis, and thoracis. The semispinalis capitis muscle attaches to cervical and thoracic transverse processes and inserts on the occiput. It functions to extend the head. The semispinalis cervicis and thoracis muscles attach to transverse processes and insert on the spinous processes of the more superior vertebrae, respectively. They function to extend their respective region of the spine. The multifidus and rotatores muscles stabilize and rotate the vertebrae.









Anomalous Anatomy


Variants of normal spinal anatomy are not uncommon and can have dramatic effects on the regular function of the spine. Cervical spine anomalies can result in progression of degenerative changes, an example being the Klippel-Feil anomaly. The classic triad of Klippel-Feil is a short neck, low dorsal hairline, and limited neck motion. It is due to the fusion of adjacent cervical vertebrae, which alters the physiologic forces the spine is constructed to handle. Lumbar vertebrae anomalies can lead to functional changes in a region that is already susceptible to pathology. The presence of abnormal numbers of lumbar vertebrae can accelerate degenerative changes or increase susceptibility to herniation. This is commonly found with the presence of only four lumbar segments or the presence of a sixth lumbar vertebra. Nerve root anomalies such as conjoined nerve roots increase the risk of injury from disc herniation, trauma, or iatrogenic injury during surgical procedures.
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Chapter 6 Muscular Support of the Spine




Eric A.K. Mayer, Michael P. Steinmetz





Spinal muscles have long been ignored contributors to spine stability. Paraspinal muscles have been inadequately appreciated and regarded (“lift with your legs, not with your back”), incised with impunity, suffered injury from retraction, neglected through rest/traction, and denervated capriciously. Even in the early 21st century, when bone and collagenous tissue structures (ligaments, tendons, intervertebral discs) are targets of intense basic scientific study, information on spinal muscles often remains empirical, subjective, nonreproducible—and, at worst, harmful. Intended as a compendium of available information and inferences of function, this chapter should challenge the reader to preserve, restore, train, and study the spine.


Muscle, in general, is a highly plastic, adaptable organ. Muscles are classified into three broad categories—striated, smooth, and cardiac muscle—categories that have as much to do with their neurologic control as with their histologic appearance. For the most part, our understanding of muscle form and function is derived from an extensive study of muscles of the extremities. Spine muscles, on the other hand, have changed with each phylogenetic selection that produced vertebrates, mammals, and eventually Homo sapiens. Histologically, muscle form and function are preserved from other species, but spine muscles have importance in the human beyond that seen in other animals.


The muscles that act as the dynamic control mechanism of the spine constitute the largest collective, coordinated group of muscles in the human body. Human spinal muscle makes us unique among species, allowing us to walk upright exclusively—hence the further ability to carry items to a safe place and thus “accumulate excess.” The ability to acquire surplus allows for specialization within a societal structure, impelling the dominance of our species. Without fear of overstatement, our evolutionary success as a species owes everything to the unique structure and function of spinal muscle.






Anatomy


Muscle serves a defined (and seemingly paradoxical) purpose to simultaneously vitalize with movement and protect with strength the central neural communication link between the brain and periphery. In the past, mischaracterizations of the spine as an overrated “electrical conduit” protecting vital message transduction to the limbs have predominated. This disingenuous oversimplification ignores the fact that interactions with the environment, including force generation, dynamic control, proprioception, and balance, benefit from and often require the intricate coordination of spine function.


The dynamic structure of the spine relies upon muscle to animate with motion its series of paired joints and hydraulically pressurized discs. This dynamic control protects the neural elements while maximizing freedom of mobility. A muscle’s function is enhanced by the stability, afferent feedback, and proprioceptive information provided by its associated ligaments, tendons, and joint capsules.1 This unique combination of motion and stability is demonstrated by the human skill of manipulating objects near the ground from a bipedal stance to lift and carry them to another location. Arguably, the ability to accomplish this “everyday task” has been a key to our success as a species, because the ability to bend efficiently from the waist in combination with squatting and hunkering allows accrual of excess to ensure against environmental pressures like famine and drought. A stable “biomechanical chain” that transfers force efficiently from hands to arms, shoulder girdle, spine, pelvis, and legs and to a stable foot base is essential. In this functional example, the spine musculature acts as a dynamic stabilizer of the biomechanical chain in several ways. It is here that one should recall Panjabi’s description of the interplay of the three subsystems of spinal control: muscle control, passive-restraint control, and neural control.2-4 The cotensioning of abdominal muscles at a distance (force multiplied by a lever arm to generate moment or torque) combined with the collective dorsal force of the erector spinae muscles during flexion-extension allows maintenance of a “balance point.”5-7 At each individual motion segment, the interspinalis, multifidus, and, possibly, intertransverse muscles also provide stability through compressive force spanning only one motion segment.5,6,8,9 Coupled ventral and dorsal forces have a net compressive force that, in turn, balances motion at the instantaneous axis of rotation for each motion segment, thereby maintaining compression at the disc and minimizing angular change. This net muscle force serves to offset other forces, thereby maintaining the force vector perpendicular to the disc’s plane like the guy wires supporting a tent or flagpole or radio tower.10,11


In sum, muscles supply dynamic, as well as static, axial compression force to allow for maximal load bearing (for bipedal carrying/lifting) capacity while maintaining function with economy of energy output. Energy is economized via the following mechanical adaptations unique to human musculature: maintaining a balanced plumb line (not working against gravity to maintain posture) with three offsetting curves, sharing tension bands to distribute loads, coupling forces when motion is required, and distributing load/work among the other osteoligamentous static structures.12









Form Follows Function


As the father of American architecture, Louis Sullivan stated in 1896, “form ever follows function,” and this is true for the human form as for the American skyline. With this in mind, understanding spinal muscle cannot be complete without acknowledging the role of spine muscles in evolutionary change. Evolutionarily, it appears that the common ancestors of land-dwelling vertebrates (including mammals) were ocean-dwelling animals similar to today’s fish. Living in water, these animals had to contend with very different forces from creatures that live on land. Large paravertebral muscles provide lateral flexion-extension (crossing the sagittal plane) to propel their bodies through water—demonstrated by the lateral tail motion of the fish. This form of locomotion is evolutionarily conserved in amphibians and land reptiles (even with addition of limbs) as demonstrated by the lateral locomotion of species in the order Crocodylia, including the modern alligator or crocodile. Currently extant reptiles propel themselves forward using lateral spinal motion (side-winding). Propulsion is achieved by alternating contraction of spine muscles that in turn creates alternating sagittal convexities of the spine. This repetitive spine motion allows the ipsilateral foreleg to move forward while the contralateral hindfoot (on the concave side) is brought closer to the contralateral foreleg in preparation for the next reciprocal lateral movement that repeats the motion-event contralaterally.


Adaptation (the results of which are not observed in any reptiles alive today) resulted in a 90-degree transformation of spine muscle motion. This characteristic, seen almost universally in mammals (the platypus and echidna being exceptions), presumably provides an advantage during land locomotion, allowing for explosive growth of the class Mammalia. The transformation allows for flexion-extension (crossing the coronal plane) that enables a greater distance per stride (as seen with the horse or cheetah at full run). Interestingly, land mammals that subsequently repopulated the oceans (whales, seals, manatees) maintained their motion orientation through the coronal plane. This form of spinal locomotion resulted in the vertical orientation of the mammalian tail fluke (a 90-degree transformation compared with fish), even though adaptive pressure has resulted in changes to the other extremities that appear similar to fish.


From an evolutionary standpoint, motion is a balancing act. First, form is intended to maximize the functions of swiftly arriving at a food source or a potential mate while evading a predator. On the other hand, the demand for speed must be balanced with metabolic efficiency that allows the species to survive perturbations in the environment. As stated previously, controlling spine motion (like flexion) with muscles alone is inefficient. Moreover, the space required for the abdominal/thoracic contents further limits the potential size of spine muscles.13 The evolutionary solution is twofold: (1) strong, elastic dorsal spinal structures (midline ligaments, joint capsules, and lumbodorsal fascia) produce (a) passive restraint, particularly to lumbar spine flexion/extension, and allow (b) static “hanging on the ligaments” subject only to slight, plastic “creep,” but without muscular effort; and (2) a lever arm advantage from quadrupeds to use the dorsal pelvic muscles as simultaneous motors and stabilizers of lumbar extension and lower extremity abduction.14 Specifically, the gluteus and psoas muscles drive the legs more efficiently when the lumbar spine laterally flexes to provide a passive return of energy expended via reciprocal motion.15 This is of special importance with respect to lumbar and cervical lordosis during surgical procedures as well as in considering the length of construct: excessive fusion length and/or other violations of biomechanical principles lead to decreased efficiency and a painful, less functional patient. Finally, the interplay of the muscles with static structures for metabolic efficiency may have important though insufficiently studied implications for research into so-called motion-preserving technologies.


In summary, the combination of a dorsal ligamentous complex and powerful muscles of the buttocks and dorsal thighs (along with the psoas muscle contributing to controlling the degree of lordosis—discussed later) permits the spine to function like a crane. The boom is the ligament-stabilized flexed spine, the fulcrum is the hips, and the counterweight is the buttocks (maintaining pelvic position with respect to the femurs). Finally, the structure is vitalized by the pelvic extensor musculature that is analogous to the crane’s engine.16,17 This combination of passive and active restraint allows for metabolic parsimony. An important, experimentally observable economy of effort is the tendency of the spine to “hang off its ligaments.” This action is a position of comfort and a metabolic conservation frequently observed in stooped laborers and observable in most normal subjects tested. In other words, normal subjects monitored with surface electromyography preferentially flex forward to end range with the lumbar spine (to the point of myoelectrical silence) before adding the component of hip flexion during the initial act of lifting.18-20 Another efficiency created by muscle is the curvilinear structure of the spine. The combination of cervical lordosis, thoracic kyphosis, and lumbar lordosis creates a balance (and though not myolectrically “silent”) requiring minimal muscle output by utilizing the static structure of the thoracolumbar fascia during standing.12


The curvilinear structure of the spine that optimizes efficiency is also a prerequisite for human bipedal ambulation and stance. The lumbar lordotic curve converts lateral flexion to torque through the pelvis to the femurs. As noted earlier, this action economizes effort, with upright propulsion leading to a balanced human gait that would be difficult without lumbar lordosis. Conversely, ambulation without lumbar lordosis leads to the shuffling strides of the upright apes whose gait is clearly dissimilar to that of healthy humans (but similar to that of flat back surgical failures). Moreover, the curvilinear structure of the spine permits a greater load to be lifted and carried (so important in human evolution). Spine biomechanical research suggests that cocontraction of spinal and abdominal muscles is the primary generator of the curvilinear structure of the spine that enables greater load bearing than straight-spine models (1200 N vs. 100 N). Furthermore, instantaneous, axial-rotational forces between segments in straight-spine models may lead to rapid failure when the spine is progressively loaded.21


This model corroborates observational data of the dynamic contribution of spine muscles to the creation of a compressive-stabilizing force. The cumulative compressive forces applied by the action of muscle, tendon, ligament, and fascia to bony and disc structures enable the spine to withstand greater physiologic forces in sagittal motion as well. This model is analogous to taut guy wires allowing flimsy tent material to withstand 100-mph winds. Tension provided by intrinsic muscle tone and ligamentous passive tension is hypothesized (by the “follower-load” theory) to provide a stabilizing force (in at least the sagittal and coronal planes of motion when standing). This tension directs the force vector to achieve pure compression of the motion segment (which withstands this force largely via the hydraulic force resistance of the disc). The compressive force vector minimizes shear forces implicated as a leading cause of disc degeneration.10


Finally, the individual contributions of spine muscles can, alternatively, be seen in the context of function dictating form. Instead of viewing spinal musculature in isolation, one may develop an appreciation of the spinal musculature as an efficiently evolved functional unit, improved upon from earlier iterations, and linking all skeletal muscles to act as one functional unit. The cervicothoracic, shoulder girdle, and upper extremity units are linked by paravertebral, abdominal, buttock, pelvic floor, and hamstring muscles to exert specific force vectors that combine with gravity and the constraint of the passive structures to allow carrying and manipulation while simultaneously maintaining bipedal stance or ambulating. The spinal musculature is the crucial link in a complete biomechanical chain that allows lifting and carrying (of greater than one’s own body weight) by the upper extremities while maintaining stable ground contact to haul items out of harm’s way or to a safe location. This ability to carry and hoard excess in turn provides maximal evolutionary advantage in an environmental context. The fine balancing act of performance and metabolic economy can tip over into dysfunction when subtle extrinsic (trauma) and/or intrinsic (fear-avoidance) disruptions evolve into a feed-forward system of dysfunction. This concept is ably demonstrated by Panjabi’s hypothesis of chronic back pain:22





Sub-failure injuries of the ligaments and embedded mechanoreceptors . . . generate corrupted transducer signals, which lead to corrupted muscle response patterns produced by the neuromuscular control unit. Muscle coordination and individual muscle force characteristics, i.e., onset, magnitude, and shut-off, are disrupted. This results [sic] in abnormal stresses and strains in the ligaments, mechanoreceptors and muscles, and excessive loading of the facet joints . . . inherently poor healing of spinal ligaments, accelerate degeneration of disc and facet . . . over time, may lead to chronic back pain.












Physiology and Microanatomy


The relative resistance of muscles due to redundancy and overengineering belies a complex microstructure. Because muscle functions as the dynamic control mechanism of the skeletal system, its structural complexity allows the tissue to respond to environmental cues to be faster, stronger, or more metabolically parsimonious. This very adaptability has very likely made muscle an overlooked and underappreciated structure.


Muscle incorporates many long, overlapping cells specifically adapted for shortening. Voluntary, or skeletal, muscle is by far the most abundant (by volume) muscle type in humans. Muscles controlling spinal movement, in turn, constitute the largest assemblage of skeletal muscles in the body. Of the various muscle-specific organelles and matrix proteins, the most common constituents are actin and myosin isoforms, which represent approximately 25% to 30% of the total body protein synthesis.15,23 This net metabolic consumption underscores muscles’ complexity and versatility, which originates not in its chemistry but in its structure. Sarcomeres, the basic structural units (individual cells) of muscles, are attached end to end to form a muscle filament. Muscle filaments are grouped together in tight formation, with their respective nuclei and organelles pushed to the periphery to form myofibrils.24 Bathing the myofibrils, nuclei, and organelles is a fluid called sacroplasm whose fluctuating electrolyte concentration is controlled by the external, semipermiable lipid bilayer known as the sarcolemma. The myofibril architecture is highly organized, aligning longitudinally within the sarcolemma, which is indented by a motor axon at its myoneural junction. Myofibrils are bundled to form muscle fibers that are, in turn, covered and connected to other muscle fibers by an endomysium. The axial muscle fibers may be only a few millimeters in diameter but can be 5 cm or more in length. Many fibers are bound together by perimesium collagen to form organized fascicles that are bundled together to form what we call muscle.24,25 Muscle attaches to bone via a collagenous tissue called tendon. The function of this superstructure depends upon the two-way communication (between the alpha motor neuron and muscle and the Golgi-tendon complex and spinal reflex arc) and the variable neural innervation by one motor neuron that may coordinate contraction for anywhere from 15 to 5000 muscle fibers.


The rigidly organized substructure of the myofilament appears as light and dark striations under a light microscope—hence the designation striated muscle for skeletal muscle. Under normal circumstances, contraction of striated muscle does not occur without neural stimulus, whereas contraction of cardiac and most smooth muscle fibers autopropagates, triggering adjacent fibers to contract without neural stimulation. The cellular mechanics of contractions are relatively simple: actin filaments (occupying the light-colored I band at rest) slide over the myosin filaments (found in the A band and interdigitating with the I band at rest) until, with complete contraction, they completely overlap and eliminate the light H band under microscopic visualization. The biochemical reactions are more complex. Contraction initiates with the release of acetylcholine at the myoneural junction, depolarizing the sarcolemma by changing its permeability to sodium and potassium ions. The sarcolemma-induced ion cascade stimulates release of calcium ions, sequestered in the sarcoplasmic reticulum. These calcium ions bind the troponin complex (C, T, and I), inducing a conformational change that uncovers a “sticky” portion of the actin filament. Myosin, fueled by adenosine phosphate molecules (ATP and ADP), binds and unbinds actin to induce the ratcheting of the myosin along the length of the actin filament. The acetylcholine is rapidly hydrolyzed by acetylcholine esterase, and the calcium is rapidly sequestered back into the sarcoplasmic reticulum so that each nerve firing in skeletal muscle is a discrete, pulsed event rather than a sustained spasm. In this way, multiple stimulations of billions of sarcomeres induce the movements we see that form the basis of dynamic control.


When broken down to its constituent biomechanical parts, it appears that the rate-limiting steps to muscle function are myoneural junction integrity, ionic stability, filament cohesion, and energy. On a more holistic scale, series elasticity, motivation, training, endurance, and energy supply become the rate-determining steps of muscle function. Discrete, independent control of muscle fibers (e.g., only a few motor units contracting or muscle control by multiple motor neurons) permits a gradation of contraction that enables—depending on circumstance—voluntary vacillation between refined control or rapid, maximal contraction. The strength of a single contraction, or “twitch,” depends on the number of fibers that contract. The ability to sustain the contraction (endurance) depends on the ability to recruit more muscle fibers with increasingly repeated firing frequency so that just enough fibers are recruited to do the minimum necessary to complete a task (muscle efficiency). Other factors, muscle fiber type or fuel source, may independently affect endurance (ability to sustain a contraction), but recruitment adapts through training and neurocognitive, motivational factors.


The fuel for muscle contraction (as well as for most bodily functions) is phosphate from the disassociation of adenosine triphosphate (ATP) to adenosine diphosphate (ADP). How the ATP is derived and the cost associated with fuel manufacture pays the salary of many professionals (and continues to propel an illicit subculture of pseudoscientists in medicine and nutrition). For the scope of this chapter, the major consideration is whether ATP is produced via hydrolysis of glucose into water and carbon dioxide or via the citric acid cycle (Krebs cycle). The implication of emerging research is that exercise may stimulate a more favorable milieu for local and distant cells through a paracrine effect. Lactic acid, when it accrues in “anaerobic” metabolism, is one of the implicated protein-signaling molecules.


As we go to press, the implications of new basic scientific research in muscle metabolism have not seen wide application in clinical care. Research based on the experimental work of George Brooks, termed lactate shuttle theory, suggests that higher concentrations of lactic acid produced in the skeletal muscles have beneficial local and possibly distant paracrine effects.26-28 This growing body of research implies that instead of being a “dead-end metabolite” or mediator of muscle fatigue (as was widely published in the 1960s through the 1980s), lactate may be the mediator of beneficial effects seen empirically in training and exercise. Some research even refutes the implication of lactic acid in fatigue and notes that pH effects of hydrogen ion excess are the primary agents of diminished contractile power.27 In total, the lactate ion may serve multiple beneficial roles in stimulating change in body milieu in the presence of muscle exertion to maintain constant energy (via conversion of lactate to glycogen); to recruit new energy sources (gluconeogenesis); to stimulate new vascularity (angiogenesis); and to promote a local cascade of healing, plasticity, and hyperplasia.26,29 Although it is beyond the scope of this chapter, there is an urgent need for research into this area because the raison d’être of spine physicians is based on activity, strength, and maintaining function after the patient leaves our office.


There are several ways to infer how the microstructure we have described influences the function of a healthy spine. Some analysis has focused on structural composition, enumerating the relative contribution of fiber length, fiber size, and fiber directional orientation to classify muscle. This modeling of physiologic cross-sectional area is combined with geometric calculations from the fulcrum (moment arm) to model idealized function and classify muscle type. Alternatively, the ATPase work of Engel in 1962 initiated a body of research demonstrating distinctly different motor units within skeletal muscle.30 Myotype classification schemes have proliferated based on histology, morphology, or function. Briefly stated, the interaction between the type of myosin heavy chain (ATP-binding site) and actin within individual sarcomeres determines functional differences based on this classification. Furthermore, the rate at which the myosin heavy chains can repetitively bind ATP and release ADP under conditions of physiologic stress defines the function of the sarcomere into one of three broad functional categories.31 Type I fibers have a slower twitch response (rate or frequency of a single contraction), with good fatigue resistance and lower tension development (power). Type II muscle displays a fast twitch, with broader recruitment for more forceful tension development, but relatively poor endurance as compared with type I muscle fibers. Type II fibers are often subdivided into type IIA (that still show a fast twitch response, but have a fatigue threshold between type I and type IIB) and type IIB, showing the fastest speed, the greatest recruitment force (power), and the most precipitous onset of fatigue.32,33 Though researchers continue to further subclassify fiber types, type I, type IIA, and type IIB muscles remain the basis of the broadest functional class of voluntary skeletal muscles. Structurally, type I fibers have rich capillary beds with high concentrations of mitochondrial enzymes and relatively low concentrations of glycogen and myosin adenosine triphosphatase—making them appear ideally suited for resisting fatigue associated with aerobic activity. The milieu of type II muscles is very different, with high concentrations of glycogen and a ready supply of ATP for fast, strong contractions in a fixed time period. It should be remembered that in gross structure, each muscle is a heterogeneous, woven tapestry consisting of all of the above fiber subtypes. Relative predominance of one particular fiber type is largely based on genetics and anatomic location of a particular muscle. However, one cannot forget the plasticity inherent in muscle and the mutability based on environmental factors of muscle, age of the individual, nutrition, training, demand, and type of exercise.34,35


In addition to muscle substructural form, there is also the distance from the joint’s axis of rotation. In a simple model, this distance is termed the lever arm or, more correctly, the moment arm. In the case of only one muscle acting on a joint, the moment arm can be represented by the distance of a muscle’s action in relation to the joint’s axis of rotation. In other words, the amount of muscle shortening causes joint excursion through an arc. From this basic knowledge, it is easy to appreciate that even if a muscle is predominantly type II muscle and built for speed and power, it might not translate to rapid joint angular velocity if there is a large moment arm. Instead, in this scenario, the muscle’s activity would be generating high torque at lower angular velocity. The architectural superstructure adds another layer of complexity with multiple intrinsic and extrinsic muscles exerting force to maximize strength and minimize shear, while economizing metabolic expenditure.









Musculature of the Spine Functional Unit


This section offers a brief overview of a compendium of work by McIntosh, Bogduk, Delp, Kamibayshi and Richmond. We refer the reader to these and other sources for more detailed description of the morphometry of individual muscle groups.






Intrinsic Muscles






Erector Spinae Muscles


This large group of interconnected muscles has robust functionality for movement and restraint. It spans the entire spine from the sacrum to the skull. Although the biomechanics of this muscle are still the subject of study, the intricate redundancy of its neural control manifests the importance of this muscle group.36 The innervation arises from the dorsal rami division of the adjacent nerve root that spreads out to coinnervate up to two levels rostral and caudal (four levels total). The intricately redundant neuromuscular control (as opposed to the single-root control seen in limbs) allows one to infer the importance of this structure. The muscle mass can be divided up into four main divisions whose prefix or suffix (lumborum, thoracis, cervicis, or capitis) denote location—but not necessarily division from the whole. These muscles arise from a robust aponeurosis attaching to the sacrum and pelvis. Medially, the spinalis group attaches to the spinous processes. It may be absent in the cervical spine, where it is replaced by semispinalis capitis and cervicis that attach the transverse processes of cervical and upper thoracic vertebrae to the nuchal lines and cervical spinous processes, respectively.37 Lateral to the spinalis are the longissimus muscles: long, robust sarcomeres probably well adapted to generate great force even when stretched beyond their optimal length.38 The most lateral group is the intercostalis, connecting the lumbar anoneurosis to the ribs and the rib fulcrum to the neck and head.









Multifidus Muscles


This group of muscles is deep, short, and powerful, acting with short moment arms to generate significant force. Multifidus muscles span the entire length of the spine in the form of bridging, short, overlapping segments. An individual multifidus has several bands that illustrate its multidirectional function to alternatively control and resist rotation, abduction (lateral flexion), and extension. The fascicle length of a single muscle varies from two to four segments, connecting the mammillary process to the rostral spinous process over two to four segments proximally. In the upper cervical spine, these important muscles connect to the facet capsules, and in the lower cervical spine, they attach to the transverse processes of the upper thoracic spine.38 Like the erector spinae, these muscles have a redundant, multilevel innervation, allowing function to be maintained even if a proximate dorsal ramus is injured.









Deep Muscles


The interspinalis, rotator, and intertransversarii muscles are the deep muscles of the spine whose function is only elementarily understood. These muscles are paired, deep muscles on either side of the spine, spanning one segment to contribute dynamic force to the strong, elastic interspinous ligaments. In the lumbar spine, the intertransversarii consist of a pair of muscles bilaterally, spanning the transverse processes of adjacent vertebrae. The splenius cervicis, semispinalis cervicis, and capitis are deep muscles unique to the cervical spine, connecting the spinous process to transverse processes in criss-crossing, overlapping patterns from the thoracic spine to the cervical vertebrae. Their contribution controls lateral flexion, extension, and, to a lesser extent, rotation. These deep muscles are often cavalierly excised during surgical approaches, to the untold detriment of the patient (especially in longer dorsal fusions that often have adjacent segment kyphosis or failure later). Finally, the rectus capitis group and obliquus capitis group (major/minor, superior/inferior) span C1-2 to control rotation and restraint of this biomechanically tenuous area of fine engineering.









Lateral Control Arms


This group comprises several muscles lateral to the spine with large moment arms. The quadratus lumborum originates on the iliac crest and iliolumbar ligament and obliquely inserts on the lowest rib, connecting to transverse processes of the upper four lumbar vertebrae. The innervation is from the ventral rami of T12-L1-L2-L3 roots. The psoas major muscle attaches to the transverse processes and vertebral bodies of all the lumbar segments and combines with the iliacus (arising from ilium) to form the iliopsoas muscle.36 Though generally thought of as a primary hip extensor (and therefore extrinsic to the spine), the iliopsoas is a primary generator of force ventral to the coronal balance point. Paradoxically, iliopsoas is an intersegmental extensor in the midlumbar spine, even as it produces flexion at the lumbosacral junction in the process of increasing the lumbar lordosis. This action increases lordosis and, like the tent guy-wire model, creates spinal stability during sitting and standing through compressive force.39 Additionally, the iliopsoas muscle doubles the flexion strength and triples flexion dynamic power compared with that of the abdominals alone.40 Finally, the contribution of the iliopsoas to lateral flexion is likely responsible for a reciprocal economy of motion in normal gait and restraining shear while sitting.41 In the authors’ (possibly controversial) opinion, these contributions to spinal stability and control make the iliopsoas an intrinsic spine muscle. The psoas major and iliacus muscles are innervated by the femoral nerve (L2 and L3 root segments innervation with minor contribution of L4) and lie in close proximity to the lumbosacral plexus. Proximal weakness resulting in hip and/or back pain is a consequence of poorly conceived surgical approaches that denervate or devascularize via aggressive retraction. The analogue lateral control muscles in the cervical spine are the sternocleidomastoid and the trapezius muscles. Both of these may be myometrically (categorization of muscles by movement and orientation) divided into three sections, each of which provides flexion, lateral motion, contralateral rotation, and extension based on the direction and length of the fascicles. Like the lumbar lateral intrinsics (iliopsoas and quadratus lumborum), sternocleidomastoid, and trapezius have long moment arms and allow motion while providing a high magnitude of downward force to resist motion. The innervation and control of these two muscles remain debated, with a large motor contribution from the cranial nerve XI (spinal accessory) but proprioceptive, sensory, and possibly motor contributions from the upper cervical root segments. Analogous to lumbar spine motion, the intrinsic control of these lateral control muscles (exerting force through longer moment arms) in the cervical spine is vital for both efficient motion and resistance to shear. More focused investigations of individual muscles and their respective roles are available in other sources.












Extrinsic Spine Muscles


As we have demonstrated, the majority of voluntary muscle in the human skeleton exerts some influence over spine function. Extrinsic to the muscles already discussed are the four layers of abdominal muscles (transversus abdominis, internal obliques, external obliques, and rectus abdominis). These muscles have been the subject of much discussion and popular press—mostly centered on the laudable, but poorly defined notion of core strength. Despite the popularity of core exercises, there is surprisingly scant research to support the focus on abdominal strength for improving spine function or resistance to injury. To be fair, no information credibly demonstrates harm resulting from exercises focused on abdominal core strength either. Additionally, the large muscles of the buttocks that act as hip extensors or abductors (gluteus maximus, medius, minimus) also have intricate contributions to the spine. In a rudimentary analogy, they act as the “engine” and “counterweight” when the spine approximates a “crane” during lifting/bending activity as well as providing the reciprocal coupled motion across the lumbar spine during ambulation. Thigh muscles (biceps femoris, semimembranosus, semitendinosus) dorsally and (rectus femoris) ventrally restrain pelvic translation—thus preventing wasted energy during ambulation as well as providing resistance force when the pelvis serves as a fulcrum during stooping/bending labor. Similarly, the rhomboid major and minor and levator scapulae connect the scapula to the thoracic spine and provide vital scapular stability for lifting or ballistic arm motion. Ventrally, the cervical vertebrae are connected to the ribs by the poorly studied and poorly understood scalenus muscles. This muscle group may serve a purpose similar to one of the iliopsoas’ functions, but its role remains a subject of folklore rather than hard data. In the thoracic spine, the latissimus dorsi and serratus anterior are generally associated with arm movement, but with arms or ribs fixed and stabilized, they may actively contribute to trunk mobility. Structurally speaking, there have been good studies of isolated spine muscle contributions, but in terms of integrated motion, adequate data of either normal motion or the sequence of failure that leads to dysfunction, pain, deconditioning, and, occasionally, disability are lacking.












Motion and Strength—Putting It All Together


George Bernard Shaw once said, “The only man I know who behaves sensibly is my tailor; he takes my measurements anew each time he sees me. The rest go on with their old measurements and expect me to fit them.” By this definition, those of us involved in spine care in general—and in our regard for muscle in particular—behave NON-sensibly. Even preceding Cady et al.’s work, an empirical understanding of the importance of strength and flexibility to overall health existed.42 Unfortunately, our rigor in measuring or tracking these fundamental components of function has bordered on lackadaisical. The tendency for nihilism has overcome our best instincts as scientists to rigorously measure what we do and what we advise.43 Moreover, numerous studies have shown that pain is self-serving, and that following the maxim, “if it hurts . . . don’t do it” further reinforces stiffness, atrophy, and psychological fear—exacerbating the “corrupted response patterns” described by Panjabi.22 This leaves physicians in a conundrum, as they do not wish to advocate activity that leads to injury or to lose patient confidence.44-47 Only functional measurement to quantify physical deficits will overcome physician nescience when tailoring rehabilitation to meet patient-specific goals. The current expectation of a “one-size-fits-all” evaluate and treat approach lacks sufficient specificity for the physician to help the patient achieve the desirable gains. In 60 years since DeLorme’s groundbreaking work in 1945, we have learned much about the secondary physical changes accompanying immobilization and disuse in the spine and extremities.48,49 Physician intervention combines with spontaneous healing to produce maximum recovery of disrupted collagenous tissues (soft or osseous) in a relatively short period of time—6 to 12 weeks. Exercise science elucidates the effect of training to increasing strength of contraction by enhancing muscular factors, such as muscle size, fiber type, and fiber number, but also (and perhaps to a greater extent) to neural factors.15 Muscle plasticity is at its apex under the influence of training, and at its nadir with senescence. Between these extremes, certain anabolic hormones (either endogenous or exogenous) may combine with force production to create the characteristic rapid increase in strength and muscle diameter exemplified during hormonal drive of pubescence. Specific exercises, sequences, and frequency of training in healthy normals remain under study. Lost is the understanding of how bulk appearance of muscle translates to function of muscle. The paradox of healthy individual training is demonstrated by data showing that isometric contraction (in which the contracting muscle is not permitted to shorten) is far more effective in increasing muscle bulk. However, exaggerated isometric muscle bulk elevates injury risk and decreases dynamic function with concomitant poor correlation to strength gains. In fact, most research agrees that isotonic and isokinetic training correlate far better with dynamic strength than any isometric regime.


The simplicity of muscle strength gains in healthy individuals (where production of force to failure increases tolerance through training) does not necessarily result in the recovery of coordination, mobility, and force after injury. Injury, pain, and cognitive factors may create a feed-forward system of deconditioning—thereby establishing a pattern of further degenerative change.50 Functional testing, though in its infancy and poorly remunerated, provides the opportunity for longitudinal measurement coinciding with functional improvement. Specifically, several longitudinal studies correlate spinal strength performance to imaging (e.g., CT and MRI) findings as well as occupational gains.16,51-53 Based on DeLorme’s work, the obvious relationship between extremity joints and strength of their contiguous musculature in normal, athletic (supernormal), and pathologic (subnormal: traumatic, arthritic, or deconditioned) situations has led investigators to study similar relationships in the spine.54,55 The study of spine muscle strength has suffered from a lack of a gold standard (contralateral limb) against which to test; as well as disagreement over the functional implications of isometric, isotonic, or isokinetic force approximations to real world kinematics. In the end, development of a normative database to assess not just pathologic states, but to verify that rehabilitation has achieved anything meaningful (other than comfort care) is still only sporadically available.


Though “rehab” may be at the outer edge of interest to surgeon readers of this book, a basic familiarity with such seems prudent. Isometric test models employing strain gauges have been in use for over 60 years; however, like the false appearance of strength in a body-builder, isometrics has a wide gaussian distribution when used to predict function versus appearance. Twenty years of data seem to favor isokinetic measures. Multiple papers demonstrate that measurable deficits in strength, endurance, and neuromuscular coordination correlate with dysfunction and disability. Moreover, patients who decrease isokinetic deficits show ability to return to work.56,57 In short, the crux of assessment requires visual analysis of the area below the curve, plotting force in relation to range of motion. The integral of that curve represents work, and its shape has a relation to effort, injury, and deconditioning. Controversy exists regarding the clinical utility of trunk strength testing, in part because of normal human variability and in part because of unrecognized sources of error related to testing procedures.58,59 Despite some controversy, clear decrements in the pathologic states are seen with selective loss of extensor strength compared with flexors and an inability to maintain strength at high speeds.16,51-53,60 By contrast, supernormal individuals or athletes (e.g., female gymnasts, male soccer players, tennis players, and wrestlers) appear to exceed mean torque/body weight strength ratios for the normal population by 15% to 40%. Furthermore, they show no decrease in torque output at high speeds (termed “high-speed drop-off”), which often is the hallmark of pathology, but may be seen in normals, as well. Additionally, supernormals maintain a very stable ratio of extensor to flexor strength (balanced, efficient use of coupled force).60,61 The precise cause of reduced strength in the face of some pain-producing pathology remains a mystery. This mystery is heightened with advances in computerization making curve analysis possible to show precise measurements of work performed, power consumed, and torque exerted that may give insight to assessment of “effort.” Because only maximal muscular effort is truly reproducible, variability of curve shape on test-retest may inform an effort factor. Whereas muscle atrophy undoubtedly occurs with prolonged disuse and deconditioning, pain may inhibit neuromuscular function through a nociceptive reflex feedback mechanism. Similarly, psychosocially induced phenomena (e.g., anxiety, fear of reinjury, or depression changing psychomotor responses) may unconsciously attenuate effort, producing submaximal, variable measurements.62,63 This unrecognized pathologic feedback loop, in turn, hinders optimal outcomes of spine care, which affects the reputation of our field.









Muscle-Sparing Surgery


In the last decade, improvements in technology, visualization, technique, material innovation, imaging, and device performance have led to greater use of lumbar surgical approaches that are defined as “muscle sparing.” These techniques are covered in greater detail in the following chapters, but it is worth examining the claims of muscle sparing. As noted, the lumbar spine is a finely balanced biomechanical wonder that relies on the integration of intervertebral height, joint mobility, proprioception, muscle balance, and osseoligamentous constraint to allow us to function without pain. Though ample redundancy is undoubtedly built into the system, minimizing the disruption of biomechanical integrity hopefully will lead to better functional outcomes for all spine patients.


Lumbar surgery has classically involved extensive dissection of the dorsal muscle, fascia, ligamentous structures, and occasionally joints. The dissection is even more extensive when arthrodesis (with or without instrumentation) is performed. Unintended consequences of denervation, compression, retraction, or vascular injury have led to other biomechanical sequelae.16,64 Iatrogenic muscle injury related to the aforementioned has been documented histologically, histochemically, and electrophysiologically.65 Preventive measures of back muscle injury after dorsolumbar spine surgery have been conducted in rats.16,64-66 It has been hypothesized that this iatrogenic injury may result in instability of the spinal motion segment, loss of the previously described biomechanical balance, and straightening of the lumbar lordosis. All of this may result in a dysfunctional motion segment and pain. Decreased morbidity by sparing vulnerable structures may serve to maintain mobility and function, thereby improving outcomes.


The dorsolateral approach first described by Cloward has been controversial through the years.67,68 The extensive morbidity of the traditional muscle stripping approaches led to the development of muscle-sparing approaches to the spine. Most such surgery descriptions are based on the approach originally characterized by Wiltse et al.69 When performed judiciously, the paramedian, or Wiltse, approach allows the erector spinae to be split along the aponeurosis, thus “sparing” the muscle, fascia, and some of the ligamentous structures. Until recently, much larger incisions were still required to perform multilevel decompression or arthrodesis.


Foley and Smith receive credit for describing a percutaneous/minimal access endoscopic approach to the lumbar intervertebral disc.70 Subsequently, the field exploded, and similar MIS techniques may be applied to virtually every region of the spine. The distinguishing feature of this procedure utilizes the a technique of muscle dilation through a small paramedian incision with multiple dilators until a final tubular retractor is “docked” on the area of surgical interest (e.g., lumbar lamina). The marketing of these methods cite decreased trauma, dissection, blood loss, and pain. However, with increased pressure from tubular retraction denervation/devascularization of the deep muscles is still possible. Additionally, compared with a standard microdiscectomy, only the approach differs. Unfortunately, minimally invasive tubular approaches have not shown improved long-term outcomes over traditional microdiscectomy. Moreover, at least one randomized controlled study shows worse outcome scores for leg or back pain following endoscopic, tubular discectomy compared with standard microdiscectomy.71 For the most part, the beneficial data associated with the tubular approach are measured in decreased hospitalization time and medication usage.72,73


Muscle-sparing technology and approaches have been applied to lumbar arthrodesis. Minimally invasive fusion techniques through tubular retractors were popularized with transforaminal lumbar interbody fusion and now are widely applied to multiple approaches for interbody fusion.74 Although long-term outcomes with minimally invasive arthrodesis are indistinguishable (and more expensive) than standard fusion, there are data that short-term outcomes with muscle sparing are superior for pain, time to ambulation, hospital length of stay, and medication usage.75 The implication, awaiting literature confirmation, is that earlier mobilization because patients hurt less may in fact lead to better outcomes. We still await associations of outcomes with studies of muscle bulk, isokinetic strength, biomechanical integrity, and histologic appearance.


The ventral transperitoneal approach has been described since the 1930s in various iterations.76 A spine surgeon can achieve (indirect) decompression, stabilization, fusion (at a variable rate), and now motion preservation though this approach. Often these surgeries lose the benefit of dorsal muscle preservation when surgeons later elect for additional dorsal stabilization. With newer instrumentation and biomechanical wisdom (outlined later in this book) these surgeries are often performed as a stand-alone ventral procedure. Additionally, retraction can damage abdominal and ventral lumbar muscles that play a key role in maintenance of proper spine balance. The ventral approach has been modified to go retroperitoneally with laparoscopic devices that allow the perceived (unconfirmed) benefit of splitting of the abdominal musculature to provide for more rapid postoperative healing and less perturbation of the abdominal viscera, but often at the cost of crossing and possibly injuring the psoas muscle, which may have a very important role in lumbopelvic coordination of functional tasks. As of the writing of this chapter in 2010, the laparoscopic anterior lumbar interbody fusion has largely been abandoned in the United States because of lack of improved outcomes and increased complications. Keeping in mind the advantages of protecting lumbar musculature and maintaining mobility, there is hope that the functional outcomes of surgical spine procedures will continue to improve.









Summary


Spine muscle has the preeminent role in what we are as a species and what we do as a profession. To the point, everything that we do as physicians (outlined throughout this book) from drug prescription, to injections, to surgery, and beyond are to reestablish a beachhead of stability from which the patient can proceed to maximize strength and flexibility to allow function. Anything we do that does not serve the purpose of function (e.g., harming muscle by excision or excessive retraction during surgery) is a disservice to the patient. Unfortunately, our inability to measure and classify normal spine muscle function hinders our ability to reapproximate normal function. As the specialist whose skill and insight helped to rebuild a traumatized postwar Japan, W. E. Deming can provide surprising insight into what we do as spine surgeons. In applying lessons to restore both Japan and later the Ford Motor Company (in the 1980s) to health, he often used a quote that should serve us well: “If you can’t describe what you are doing as a process, you don’t know what you are doing” (W. E. Deming).
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Chapter 7 Anatomy and Physiology of Congenital Spinal Lesions




Kai-Ming G. Fu, Justin S. Smith, Christopher I. Shaffrey





The term congenital spinal anomaly or lesion encompasses a variety of different pathologies affecting the spine, including defects in neural tissue and the vertebral column. This chapter is intended to provide a summary of the possible pathology a spine surgeon may encounter. Discussion of management and operative techniques is generally deferred to other chapters. This chapter discusses abnormalities of the cervical, thoracic, lumbar, and sacral regions, progressing from rostral to caudal.






Preoperative Considerations


In general, congenital spinal anomalies are sporadic, isolated cases.1,2 A wide variety of associated anomalies often accompany the spinal deformity and often need to be addressed prior to treatment of spinal lesions.3,4 In fact, the incidence of associated renal abnormalities is roughly 25% and that for cardiac abnormalities is 10%.5 Intraspinal anomalies, such as stenosis, diastematomyelia, and tethering of the spinal cord, may also occur (5–35%) in association with congenital spinal deformities.6-9 Therefore, before making treatment decisions, the entire bony vertebral column and spinal cord must be thoroughly analyzed using radiographs, CT, and MRI. Pulmonary function testing and/or arterial blood gases should be obtained when a thoracotomy is planned or when severe thoracic lordosis is present.









Craniovertebral Junction Abnormalities


The craniovertebral junction includes the skull base, atlas, and axis, as well as the neural and vascular structures contained within them. Craniovertebral junction abnormalities encompass a group of conditions that result from abnormal fetal development. Often, these disorders remain undetected during childhood and manifest themselves during adulthood or after minor trauma, as the close association between neural and vascular structures can result in functional compromise during the course of aging or after a traumatic insult.






Basilar Invagination


Basilar invagination results from a defect in the chondrocranium and is often associated with both skeletal and neural axis abnormalities.10-12 It results from deformation in all three parts of the occipital bone (basiocciput, exocciput, and squamous occipital bone).11 Two types of basilar invagination have been identified: ventral and paramedian.10-12 In ventral basilar invagination, the basiocciput is shortened and the associated platybasia raises the plane of the foramen magnum. In paramedian basilar invagination, the exoccipital bone is hypoplastic and the medial portion of the occipital bone is elevated. Clinically, the distinction is not important, and there is admixture between types. One should evaluate patients for an associated elevation of the floor of the posterior fossa that is most pronounced in the region of the foramen magnum. This anomaly may compromise the space available within the foramen magnum.13 Associated skeletal developmental anomalies found with basilar invagination include occipitalization of the atlas and Klippel-Feil syndrome in addition to neural axis abnormalities such as Chiari malformation, syringobulbia, syringomyelia, and hydrocephalus.11,12 Although the term basilar impression is often used synonymously with basilar invagination, this condition refers to an acquired form of basilar invagination caused by softening of the occipital bone, which occurs in conditions such as rheumatoid arthritis, Paget disease, hyperparathyroidism, achondroplasia, and osteogenesis imperfecta.14


Patients who are symptomatic from pure basilar invagination most commonly present with weakness and paresthesias in the limbs, whereas those patients with symptomatic Chiari malformations typically have cerebellar and vestibular complaints. Both groups may have evidence of lower cranial nerve dysfunction. Many patients do not develop symptoms until the second or third decade of life.15 This may be related to increasing instability from ligamentous laxity caused by aging, similar to that from delayed myelopathies reported after atlantoaxial dislocations.16 If chronic instability is present, granulation tissue may develop and act as a space-occupying mass in the ventral portion of the foramen magnum. Fibrous bands and dural adhesions are common in the dorsal cervicomedullary junction and around the cerebellar tonsils in basilar invagination.11 A high incidence of vertebral artery anomalies in basilar invagination has been reported (important for surgical planning), and symptoms of vertebral artery insufficiency can occur.12,17 Diagnosis of basilar impression (or invagination) is based on radiographic evaluation that demonstrates the altered relationship between the occipital bone and the upper cervical spine. Classically, this diagnosis is made by radiographic evaluation of the craniovertebral junction. A series of reference lines have been described to assist with this evaluation.12 MRI assists in delineating the relationship between the neural structures and the bony abnormalities; however, bony pathology should be evaluated with a thin-section CT.









Assimilation of the Atlas


Assimilation of the atlas represents a failure of segmentation between the atlas and the base of the skull. Embryologically, this entity represents a failure of segmentation between the fourth occipital and first spinal sclerotomes. This condition occurs in 0.25% of the population.10 The assimilation may be partial or complete and can involve the ventral arch of the atlas, the lateral masses, or the entire atlas. In many instances, assimilation of the atlas occurs with other spinal abnormalities, such as basilar invagination; Klippel-Feil syndrome; or Chiari malformation; as well as systemic congenital abnormalities such as cleft palate or urinary tract abnormalities.18 Patients with atlanto-occipital fusion often present with symptoms much like those for patients with classic Klippel-Feil syndrome, that is, restricted motion, short neck, low hairline, and torticollis.10 An increased incidence of atlantoaxial instability occurs with assimilation of the atlas, especially if there is failure of segmentation between the second and third vertebrae.11


The onset of symptoms in assimilation of the atlas generally occurs in the third and fourth decades of life. Dull headache and scalp tenderness in the distribution of the greater occipital nerve occurs frequently. Ventral compression of the brainstem from the odontoid processes is also a common finding. Weakness, spasticity, gait disturbances, or cranial nerve dysfunction can be associated problems.10 Neurologic symptoms have been related to the position of the odontoid process as an indication of the degree of actual or relative basilar impression. Vertical and horizontal nystagmus is related to cerebellum and tonsillar abnormalities. Decreased posterior column function from dorsal compression by the foramen magnum or a dural band is a less common finding. Symptoms may develop precipitously, but in the majority of cases the onset is gradual.









Atlantoaxial Instability


Atlantoaxial instability may result from aplasia or hypoplasia of the odontoid process, from laxity of the transverse ligament, or with assimilation of the atlas. Atlantoaxial instability is associated with Down syndrome, Klippel-Feil syndrome, numerous skeletal dysplasias, osteogenesis imperfecta, neurofibromatosis, and congenital scoliosis.19 The clinical significance of this condition is the potential for neurologic compromise, which can range from pain and dysesthesias in the distribution of the greater occipital nerve to tetraplegia or death.10,11 The articulation between the first and second cervical vertebrae is the most mobile segment in the vertebral column and is the least inherently stable. The odontoid process acts as a bony buttress that prevents hyperextension. However, the remainder of the normal range of motion is maintained and depends on the integrity of the ligamentous and capsular structures. Neurologic compromise can occur despite a normal odontoid process. With an attenuated or ruptured transverse atlantal ligament, a relative ventral shift of the atlas over the axis can result in spinal cord injury by impingement against the intact odontoid process such as occurs with atlantal assimilation.11,20 The risk is less if the odontoid process is absent, fractured, or moves with the axis during flexion, as occurs with most cases of os odontoideum.21 The stability of the atlantoaxial complex can often be determined using lateral radiographs. The atlantodental interval (ADI) is the distance between the dorsal edge of the ventral ring of the atlas and the ventral edge of the odontoid process. The normal ADI is less than 3 mm in adults and less than 4 mm in children.22,23 It has been suggested that an ADI greater than 3 mm in adults indicates a disruption of the transverse ligament. An ADI of 5 to 10 mm represents additional ligamentous damage, with total ligamentous disruption occurring in patients with an ADI greater than 10 mm.22 In congenital anomalies, such as hypoplasia of the odontoid process or os odontoideum, the space available for the cord (SAC) is often a better predictor of potential for neurologic compromise. The SAC is the distance from the ventral edge of the dorsal ring of the atlas or foramen magnum to the dorsal aspect of the odontoid process or the dorsal aspect of the axis. Greenberg suggested that in the adult, spinal cord compression always occurred when the SAC was 14 mm or less and never occurred if the SAC was 18 mm or more.24 In cases of os odontoideum, a SAC of 13 mm or less is associated with neurologic sequelae.25 In cases with persistent concerns about atlantoaxial stability, flexion-extension lateral radiographs can be performed. An awake patient should voluntarily perform the flexion-extension movements. MRI should be considered for any patient with a neurologic deficit before obtaining flexion-extension radiographs. MRI with flexion and extension views provides an excellent method of determining the potential for neural impingement with movement.












Anomalies of the Odontoid Process






Aplasia-Hypoplasia of the Dens


Aplasia-hypoplasia of the dens is a rare condition with a spectrum of presentations ranging from a hypoplastic rudimentary dens to complete absence of the dens. Usually, the rudimentary dens does not reach the upper edge of the ventral arch of the atlas, and an associated incompetence of the cruciate ligaments and alar ligaments results in atlantoaxial instability. Distinguishing aplasia or hypoplasia is of limited clinical importance because both conditions can lead to atlantoaxial instability and the treatment is identical. Vascular compromise from stretching and torsion of the vertebral arteries has been reported. Chronic atlantoaxial dislocation may provoke the formation of granulation tissue that can cause neurologic deficit because of constriction of the cervicomedullary junction.11 The presentation in children with atlantoaxial dislocation and congenital anomalies varies and includes syncope, torticollis, dysesthesia, and tetraplegia.









Os Odontoideum


Os odontoideum is an independent ossicle located rostral to the axis bone in the position of the odontoid process that is separated from a hypoplastic dens by a variable distance.26 The space between the os odontoideum and the remnant of the odontoid process is above the level of the superior facet of the axis. This leads to potential incompetence of the transverse ligament, which can lead to atlantoaxial instability.2 In children younger than 5 years, the normal epiphyseal line may be confused with the presence of an os odontoideum or a fracture. In os odontoideum, the free ossicle is rounded or oval, with a smooth cortical border. In the case of an odontoid fracture, the gap is usually narrow and irregular and often extends into the body of the axis at the level of the superior facet of the axis vertebra.2 The incidence of os odontoideum is increased in Down syndrome, spondyloepiphyseal dysplasia, Morquio syndrome, and after upper respiratory tract infections.26,27


There are two types of os odontoideum: orthotopic and dystopic. In the orthotopic variety, the ossicle lies in the location of the normal dens and moves with the axis body and the ventral arch of the atlas. This type is often associated with an intact cruciate ligament. In the dystopic variety, the os is located near the basion and is often fused to the clivus. The ventral arch of the atlas is hypertrophied, and the dorsal arch is hypoplastic. Dystopic os odontoideum has a greater likelihood of causing neurologic compromise than the orthotopic variety. This may occur because of dorsal compromise of the spinal cord by the ventrally located dorsal arch of the atlas during flexion and ventral compromise by the odontoid ossicle.26 Evaluation of atlantoaxial instability should be performed with flexion-extension films. In cases of chronic subluxation, dense granulation tissue may form, leading to an irreducible state. Os odontoideum has been ascribed to congenital, vascular, and traumatic causes.26 Trauma or infection during childhood is the most likely cause for the vast majority of cases of os odontoideum. Several cases have been reported in children with a normal odontoid process before trauma who subsequently developed os odontoideum. Many patients have a significant episode of trauma before the diagnosis of os odontoideum. After fracture or vascular compromise, a separation of the bone fragments occurs, probably because of contracture of the apical ligaments. The ossicle continues to receive a blood supply via the apical arcade, but the blood supply in the region of the fracture is disrupted, resulting in poor healing. It is probable that congenital forms of os odontoideum also exist. The congenital form results from failure of fusion of the portions of the dens derived from the proatlas and first cervical sclerotome. Dystopic os odontoideum is thought to be congenital in origin.












Disorders of the Subaxial Cervical Spine






Klippel-Feil Syndrome


Klippel-Feil syndrome was first described as a case report with the clinical triad of a short neck, low dorsal hairline, and marked limitation of cervical range of motion resulting from a single unsegmented vertebral mass extending from the craniocervical junction through the fourth thoracic vertebra.28 Fewer than half of patients have all three signs. The most consistent finding is limitation of cervical motion.10 Currently, the term Klippel-Feil syndrome is used to describe any congenital fusion of the cervical spine with or without the clinical features of the original description (Fig. 7-1).
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FIGURE 7-1 Frontal (A) and lateral (B) radiographs of a boy aged 12 years with a shortened neck and congenital hemivertebra at the thoracolumbar junction. Cervical films revealed a Klippel-Feil anomaly with fusion from C3-6.Flexion (C) and extension (D) radiographs demonstrated 10-mm instability of C1-2; treatment consisted of a dorsal C1-2 fusion (E and F). Lateral mass screws were used instead of sublaminar wires because the C1 lamina (F) was dysplastic.




Often patients with Klippel-Feil syndrome have associated congenital abnormalities, which are often the conditions that prompt evaluation. The Klippel-Feil syndrome occurs in 25% of patients with congenital scoliosis.29 Therefore, all patients with congenital scoliosis should have radiographs of the entire spine to exclude the coexistence of the Klippel-Feil syndrome, and, conversely, all patients with a diagnosis of Klippel-Feil syndrome should have radiographs of the thoracic and lumbar spine. Approximately 50% of patients with congenital cervical or cervicothoracic scoliosis have associated Klippel-Feil anomalies. Renal anomalies occur in more than one third of patients. It has been suggested that routine screening ultrasonography be performed in all patients with Klippel-Feil syndrome.30


Sprengel deformity (an abnormal elevation of the scapula) occurs in 25% to 35% of cases of Klippel-Feil syndrome. It may be unilateral or bilateral.10 Other less commonly associated anomalies include deafness, synkinesis (involuntary paired movements of the hands and occasionally the arms), congenital heart disease, cervical ribs, ptosis, Duane syndrome (an abducens nerve palsy in which the adducted eye becomes retracted), lateral rectus palsy, facial nerve palsy, syndactyly, hypoplastic thumb, and upper extremity hypoplasia.


Symptoms related to the Klippel-Feil syndrome can be classified as mechanical or secondary to neural compression. Cervical instability and stenosis are potential problems in Klippel-Feil patients. The spinal cord area adjacent to the vertebral fusion may be compressed because of cervical instability, particularly at the occiput-C1 and C1-2 levels. All of these patients should have flexion-extension cervical spine radiographs. Neurologic deficits can range from radiculopathy to sudden death from minor trauma. Overall, 20% of patients who develop neurologic symptoms do so during the first 5 years of life and 65% by the age of 30 years.10 Neurologic symptoms detected during infancy are usually related to craniovertebral junction abnormalities. Children often have pain with atlantoaxial fusions. Subaxial cervical fusions often do not become problematic until the third decade or later, when degenerative changes begin to develop. Patients with short-segment fusions are less likely to develop symptoms, because of compensatory movement at uninvolved segments.









Iniencephaly


Iniencephaly is a disorder of the cervical spine consisting of congenital cervical synostoses, fixed retroflexion of the head, severe cervical lordosis, and varying degrees of deficits of the dorsal occiput and cervical vertebrae. This condition probably belongs to the spectrum of neural tube defects. The majority of fetuses with this condition are not viable.10 Parents of a child with iniencephaly have a 5% risk of having another child with a neural tube defect. Ultrasonography and serum or amniotic α-fetoprotein levels can be used to detect this condition in utero.31 Surviving patients are often handicapped by the cervical lordosis and hyperextension of the head. This posture makes it impossible to see straight without flexing the low back and hips.












Disorders of the Thoracolumbar Spine






Congenital Scoliosis


Congenital scoliosis is an abnormal curvature of the spine in the coronal plane that develops when anomalous vertebrae are present at birth. Congenital scoliosis is distinct from infantile idiopathic scoliosis, although both present with deformity during childhood. Infantile idiopathic scoliosis has no structural vertebral abnormality. Although vertebral abnormalities are present at birth in congenital scoliosis, the spinal deformity is rarely noticeable during infancy and usually presents during childhood or adolescence. Patients with mild or compensated deformities often receive diagnosis as adults when vertebral anomalies are discovered incidentally during routine radiographs. Congenital scoliosis can be associated with a variety of cardiac, genitourinary, and skeletal abnormalities.1,32 The spectrum of clinical presentations ranges widely based on number, location, and type of vertebral abnormalities. Certain vertebral anomalies result in rapidly progressive scoliosis during early childhood, resulting in severe morbidity, whereas other anomalies cause little or no deformity at any time.33 In general, 25% of congenital scolioses do not progress, 50% progress slowly, and 25% progress rapidly.33 Major advancements in the treatment of congenital scoliosis are improved imaging of the spine by CT and MRI, classification by type of vertebral anomaly, improved understanding of the natural history, and clarification of the indications and timing of surgery.


Advances in imaging have aided the diagnosis of associated neural axis abnormalities, such as occult spinal dysraphism and tethering of the spinal cord. Between 10% to 20% of all congenital scoliosis patients have some anomaly of the neural axis.8 Dorsal midline skin lesions (e.g., hairy patches or deep dimples), asymmetrical foot deformities (cavus or flat feet), muscle weakness, or spasticity all suggest underlying nervous system abnormalities. A thorough imaging evaluation is therefore indicated.


Congenital vertebral anomalies can cause absence, or functional deficiency, of the growth plates on one or both sides of the spine. Asymmetrical spine growth results from a difference in growth between the greater and lesser affected sides of the spine. In some cases, normal growth occurs on one side and no growth on the other, producing a large deformity. The rate of deterioration and the final severity of the congenital scoliosis are proportional to the degree of growth imbalance produced by the vertebral anomalies. The location of the deficient growth plates determines whether a pure scoliosis exists or if some component of sagittal plane deformity is present, resulting in kyphoscoliosis or lordoscoliosis.


Usually, the vertebral abnormalities can be classified by the anomaly in the mesenchymal precursor that results in either a failure of formation or a failure of segmentation. Failure of formation results from a defect in the developmental process that produces an absence of part or all of the vertebrae. The defects range from mild wedging to total absence of the vertebra. A hemivertebra occurs with the complete absence of half of a vertebra and is one of the most common causes of congenital scoliosis. The hemivertebra consists of a wedged vertebral body with a single pedicle and hemilamina (Fig. 7-2).
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FIGURE 7-2 Structural abnormalities in congenital spine deformity. A, Defects in formation resulting in congenital scoliosis, spina bifida, and congenital (type I) kyphosis. B, Defects of segmentation that result in congenital scoliosis, congenital lordosis, and congenital (type II) kyphosis.




Segmentation failure causes unilateral or bilateral bony fusion between vertebrae. The defect can involve ventral elements, dorsal elements, or both. The most common segmentation failure is the unilateral unsegmented bar, which results in a bony block that involves the disc spaces and facet joints (Fig. 7-3). A combination of defects of formation and defects of segmentation can coexist in the same patient. An unsegmented bar with contralateral hemivertebrae can cause severe progressive scoliosis.1
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FIGURE 7-3 A, A 4-year-old girl with congenital lumbar scoliosis (measuring 38 degrees) secondary to unilateral bar from T11 to the sacrum. B, Anteroposterior tomography showing the laminar synostosis.




Three major types of hemivertebrae are classified by the positioning of the hemivertebra and whether the disc spaces above and below the hemivertebra are morphologically normal (Fig. 7-4). A fully segmented hemivertebra has a normal disc space above and below the vertebral body that allows near-normal longitudinal growth. A portion of the vertebral body and growth plates are absent on the side of the unformed vertebra, resulting in limited growth potential. Because of full growth potential on one side of the spine and none on the other at the level of the hemivertebra, the potential for a hemivertebra located at the apex of the scoliosis is significant in these cases. The rate of progression and the need for treatment of the scoliosis caused by a fully segmented hemivertebra depends on its location in the spine, with the thoracolumbar and the lumbosacral junction being the most problematic. In general, these scoliotic curves progress at 1 to 2 degrees per year.34
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FIGURE 7-4 A and B, A 6-year-old girl presented with 40 degrees of thoracic congenital scoliosis secondary to a right hemivertebra at T6 and T9, opposite the left rib, and pedicle fusion from T4 to T6. C, MRI revealed the fully segmented hemivertebra at T9 and semisegmented hemivertebra at T6.




The incarcerated hemivertebra is a variant of the fully segmented hemivertebra. This type of hemivertebra is set into defects in the vertebrae above and below it. The incarcerated hemivertebra is small, oval, and has poorly formed disc spaces. The defects in the adjacent vertebrae tend to compensate for the hemivertebra, and the poor potential growth of the malformed growth plates results in less scoliotic deformity than with the standard fully segmented vertebrae.34


A semisegmented hemivertebra is connected to either the vertebra above or below it and causes the absence of one disc space on the side of the hemivertebra with obliteration of two growth plates. Theoretically, this would result in similar growth on both sides of the spine because two active growth plates coexist on each side. However, the wedge shape of the hemivertebra and differences in growth (between sides) can result in some scoliosis.


A nonsegmented hemivertebra is connected to the vertebrae above and below, with no disc spaces and no growth potential. Although the wedge shape of the hemivertebra may cause some deformity, it is not progressive.


Another common cause of congenital scoliosis is a unilateral unsegmented bar.1 This condition results from a failure of segmentation of two or more vertebrae. The unsegmented bar contains no growth plates, but the unaffected side of the spine continues to grow. The imbalance in growth results in the scoliosis with the unsegmented bar in the concavity. On average, these curves deteriorate at a rate of 5 degrees or greater per year and often result in a significant deformity.33









Congenital Kyphosis


Congenital kyphosis is an uncommon sagittal plane deformity, which, if left untreated, is often associated with a neurologic deficit.35 As with congenital scoliosis, congenital kyphosis is caused by segmentation failure. Winter et al.36 classified congenital kyphosis into three types: type I is the failure of formation of the vertebral body; type II is the failure of segmentation of the vertebral body, resulting in a ventral unsegmented bar; and type III is the mixed failure of formation and segmentation. The type I kyphosis is the most common and the most likely to lead to both severe deformity and neurologic compromise.36 The severity of type I kyphosis is directly proportional to the amount of vertebral body or bodies that fail to form. The type II kyphosis is less common, produces less severe deformity, and is much less frequently associated with neurologic compromise than type I. The amount of kyphosis produced is proportional to the discrepancy between the ventral vertebral growth and the growth of the dorsal elements. Type III kyphosis is very rare and probably behaves like type I kyphosis.









Congenital Lordosis


Congenital lordosis is rarer than either congenital scoliosis or congenital kyphosis. This condition results from dorsal defects in segmentation, with normal ventral growth.37 Often, it has some component of coronal plane deformity, leading to lordoscoliosis because of a dorsolateral location of the unsegmented bar. The most severe consequence of congenital lordosis is an impairment of pulmonary function.37












Lumbar Spine Abnormalities






Congenital Spinal Stenosis


Congenital spinal stenosis occurs in a very small number of patients who present with spinal stenosis.1 It results from a malformation present at birth that predisposes the patient to the development of stenosis, which often manifests itself later in life.


Congenital spinal stenosis can occur as a part of spinal dysraphism.1 The signs and symptoms are usually not the consequence of stenosis alone, but also of myelodysplasia. Serious radicular pain or dysfunction occurs frequently in this condition.


Congenital stenosis can also result from an area of failure of vertebral segmentation (block vertebrae). Stenosis in the area of the block vertebrae results from a reduction of the midsagittal diameters of the vertebral canal. The signs and symptoms do not differ from those observed with idiopathic developmental stenosis.


A third type is an intermittent stenosis (Morbus de Anquin syndrome) in which the spinous process of S1 is absent and the lamina of S1 has a large medial cleft. There may be a residual island of bone in the area of the cleft. This malformation is associated with a downward hooklike elongation of the spinous process of L5. The patient assumes an increased lordotic posture during standing or walking. The tip of the hooklike spinous process of L5 presses directly on the ligamentum, bridging the spina bifida occulta of S1 or on the rudimentary bony island in its central portion, thus reducing the midsagittal diameter of the upper sacral canal. This condition results in radicular pain during standing or walking and is relieved by sitting.









Developmental Spinal Stenosis


Developmental spinal stenosis usually occurs as the result of an inborn chromosomal error or mutation that alters the fetal and postnatal spinal canal formation. Developmental spinal stenosis commonly occurs in conditions such as achondroplasia, hypochondroplasia, diastrophic dwarfism, Morquio syndrome, and hereditary multiple exostoses. This condition may involve only the lumbar spine or can be associated with developmental stenosis of the cervical spine.1









Segmented Spinal Dysgenesis


Segmental spinal dysgenesis is a localized congenital defect in which severe stenosis occurs with malalignment and focal agenesis or dysgenesis in the thoracolumbar or lumbar spine.1 It was initially described as a form of congenital spinal stenosis with focal narrowing of the spinal canal in the area of the thoracolumbar junction. Neurologic deficits are often present at birth and may range from mild paresis to complete paraplegia. Patients may have congenital absence of nerve root or spinal cord segments. The spinal canal above and below the involved segment is usually normal, and the sacrum is well formed, differentiating this condition from sacral agenesis.38









Spondylolisthesis


Spondylolisthesis is the slippage of all or part of one vertebra in relationship with another. The most widely accepted classification of spondylolisthesis is by Wiltse et al.39 They divided spondylolisthesis into five types: I—dysplastic, II—isthmic, III—degenerative, IV—traumatic, and V—pathologic.


Dysplastic spondylolisthesis accounts for 14% to 21% of cases, with a 2:1 female to male ratio.40 This type is characterized by structural anomalies of the lumbosacral junction, including dysplasia of the lamina and facet joints. The lack of the normal facet buttress provided by normal facet joints predisposes toward a slippage of the rostral vertebra on its caudal counterpart. The dysplastic articular processes may be oriented in the axial or sagittal planes. In axial dysplasia, the articular processes have a horizontal orientation. This condition is often associated with spina bifida. In sagittal dysplasia the facet joints are often asymmetrical, but the neural arch is usually intact. Therefore, high-grade slippage seldom occurs. Both types can present with hamstring spasm, back or leg pain, or neurologic deficit, including paresthesia, weakness, or, rarely, incontinence of the bowel or bladder. Neurologic deficits are usually associated with high-grade slips.


Axially oriented facet joints associated with spina bifida have an increased risk for high-grade spondylolisthesis. The pars interarticularis is often poorly developed and may elongate, develop a defect, or remain intact. If the pars interarticularis remains intact, neurologic symptoms usually occur only when the spondylolisthesis exceeds 35%. Progression of spondylolisthesis is more likely in younger or skeletally immature patients and in patients with wide spina bifida. Initial treatment should be nonoperative unless progression is documented in younger patients or slippage greater than 50% is observed at the time of the initial evaluation. Fusion in situ is a frequently performed surgical procedure, although some surgeons use reduction and fixation, especially with high-grade abnormalities.1












Disorders of the Sacral Spine






Sacral Agenesis


Sacral agenesis is a group of disorders characterized by an absence of variable portions of the caudal spine. Williams and Nixon41 coined the term sacral agenesis in 1957. Sacral agenesis belongs within the spectrum of aplastic vertebral malformations that are loosely grouped under the entity of caudal regression syndrome. It can range from agenesis of the coccyx to absence of sacral, lumbar, and lower thoracic vertebrae.


The clinical severity parallels the number of spinal segments involved with the aplasia or dysplasia. Associated anomalies of the genitourinary, GI, and urinary systems often occur.42 Patients with sacral agenesis usually lack motor function below the level of the last normal vertebra. It is interesting that in sacral agenesis, compared with other dysplastic syndromes of the lower spine (e.g., myelomeningocele), sensation is relatively spared below the level of the lesion. In the development of the human embryo, the notochord induces the formation of the ventral spinal elements and cells derived from neural crest independently from the dorsal root ganglia. Thus, an insult specific to the notochord/ventral spine could lead to the observed clinical picture in sacral agenesis.43


The exact incidence of sacral agenesis is difficult to determine because mild caudal agenesis is often not clinically apparent, and severe cases can result in stillbirth or neonatal death. Sacral agenesis is a relatively rare lesion. An incidence of 1 in 60,000 live births has been reported.44 Sacral agenesis is considered to have a sporadic, nonfamilial inheritance pattern, although cases of siblings with the disorder have been reported. Maternal diabetes appears to increase the risk of sacral agenesis.45 Embryonal trauma producing longitudinal kinking of the long embryonic axis, dietary deficiencies, and teratogenic chemicals have caused caudal agenesis in experimental models.45 Caudal agenesis, as well as other associated congenital anomalies such as imperforate anus and cloacal exstrophy, result from alterations in the normal formation and development of the caudal eminence. The caudal eminence is a mass of undifferentiated cells at the caudal end of the embryo that gives rise to the distal spinal cord, nerve roots, and the vertebral column of the sacral and coccygeal regions.


Pang42 devised a new classification scheme that combined salient features from other classification schemes (Fig. 7-5). By this method, lumbosacral agenesis is divided into five types, with some of these divided into subtypes. Type I is total sacral agenesis with some lumbar vertebrae also missing. Type II is total sacral agenesis with the lumbar vertebrae not involved. Type III is subtotal sacral agenesis with at least S1 present and the ilia articulate with the side of the rudimentary sacrum. Type IV is a hemisacrum, and type V is coccygeal agenesis.
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FIGURE 7-5 Classification of sacral agenesis. Types I and II have subtypes with normal and narrowed pelvic diameter. Type III is subtotal and S1 is at least present. Type IV consists of the varieties of hemisacrum possible, and type V splits into total and subtotal subtypes.


(Modified from Pang D: Sacral agenesis and caudal spinal cord malformations. Neurosurgery 32[5]:755–779, 1993.)





The clinical features of sacral agenesis can be quite severe. Because of the lack of motor innervation of the lower limbs, intrauterine contractures develop. In severe forms of sacral agenesis, the malformation in the spine-pelvis articulation causes a severe kyphosis to develop. Affected children sit in the “Buddha” position with legs flexed and crossed and lean forward because of the kyphosis. Other spinal deformities develop in children with sacral agenesis. Congenital and developmental scoliosis is common. Klippel-Feil syndrome has also been reported.1


Multiple musculoskeletal deformities can present in patients with sacral agenesis. Hip dysplasia, clubfoot, and knee flexion contractures are common.44 The etiologic factor responsible for sacral agenesis, such as an insult to the caudal eminence, seems to occur during the time of organogenesis. Therefore, children with sacral agenesis can present with multiple abnormalities of the GI, cardiac, and renal systems. Abnormalities of the terminal spinal cord can be associated with sacral agenesis. These include elongated conus medullaris with hydromyelia, tethering of the spinal cord by a thickened filum terminale, lipomas, split-cord malformations, and terminal myelocystoceles. Neurogenic bladder almost always results in cases of sacral agenesis above S2.









Teratomas


Teratomas in the spine almost exclusively occur in the sacrococcygeal region due to their origin from pluripotent tissue derived from the area around Hensen node.46 This tissue migrates rostrally to lie in the coccyx. These usually benign tumors can undergo malignant transformation if diagnosis and treatment are delayed.


Sacrococcygeal teratoma (SCT) is a common neoplasm in the newborn, with a reported incidence of 1 in 35,000 live births, with a 3:1 female preponderance.1 The majority of tumors are large, external, and cystic. The tumor mass usually protrudes from between the anus and the coccyx, although some tumors are located predominantly in the presacral space of the pelvis. Although the diagnosis is often possible prenatally by ultrasound, small presacral tumors can be missed in the newborn. The tumors range in size but can average approximately 8.5 cm. The cystic component is usually cerebrospinal fluid (CSF), but is not generally connected with circulating spinal fluid within the thecal sac, instead arising from the choroid plexus contained within the tumor mass. SCTs have been classified into four types: I—totally external, II —almost totally external, III—almost completely internal, and IV—completely internal.47 Symptoms are largely related to the degree of displacement or obstruction of the bladder, urethra, or rectum.


Surgical therapy by midline or chevron incision is the mainstay for benign SCT. After removal of the tumor with coccygectomy, survival is high.1 Presacral tumors may require an abdominal approach combined with the usual sacral approach. Multiagent adjuvant chemotherapy is added to surgical therapy for malignant tumors.












Spinal Dysraphism


Dysraphism is an abnormal development of the spinal cord and column, resulting from malformations that arise from the failure of normal embryologic structures to fuse in the midline. These malformations are broadly divided into two groups: spina bifida aperta and spina bifida occulta. The first group involves midline lesions that are (or potentially can) open at birth. These lesions include spina bifida cystica (myelomeningocele, meningocele) and myelodysplasia. The second group encompasses malformations that are hidden by complete layers of dermis and epidermis. These lesions include lipomyelomeningocele, neurenteric cyst, and diastematomyelia.1 In the United States, the incidence of neural tube defects is roughly 1 per 1000. Folic acid supplementation has been credited with decreased rates worldwide.48


The degree of the spinal dysplasia depends on the embryologic age at which the malformation is initiated. Malformations that begin before 28 days of gestation induce major defects in neurulation and cause a higher level of defects than malformations occurring after 28 days of gestation, when neurulation is complete. The higher the level of dysplasia, the less survivable the malformation.


Characteristically in spinal dysraphism, the spinal column widens at the level of the defect. If the neural tube does not develop normally, it causes a deficiency of dorsal element formation and the lateral and ventral displacement of the pedicles and lateral elements of the spine. In addition, other abnormalities of the vertebrae, such as wedge vertebrae and hemivertebrae, can be associated with spinal dysraphism. Occasionally, patients who have symptoms of what is thought to be idiopathic scoliosis in fact have some form of occult spinal dysraphism.


Abnormal neural tube development prevents dermis and epidermis closure over the dorsal defect. Dura mater arises ventral to the deformed spinal cord, but then stretches laterally over the expanded pedicles and facets to join the lateral margins of the epidermis. A thin layer of pia-arachnoid and the zona epithelioma, an extremely thin layer of epithelium, covers the dorsal defect.


Usually, spina bifida aperta occurs in the craniocervical and lumbar areas of the spinal column. The morphogenesis of the dysraphism depends on the embryologic period in which the malformation occurs. If the insult occurs before the 28th day, myeloschisis (exposure of the malformed spinal cord) results from failure of neural tube closure. Myeloschisis is common at the thoracolumbar junction. If the insult occurs after 28 days of gestation, however, various forms of meningocele and myelomeningocele may develop.


Occult spinal dysraphism includes a variety of spinal malformations not immediately visible on the skin surface. Spina bifida occulta occurs from a maldevelopment of the dorsal neural arch structures. Some believe that this occurs when an already closed neural tube ruptures. Increased pressure inside the central canal of the neural tube can cause a rupture that spills highly proteinaceous fluid from the canal into the surrounding tissue. With the decrease in pressure, the defect in the neural tube reanneals, but the proteinaceous fluid inhibits normal development of the dorsal elements. Because the neural tube has closed, closure of the dermis and epidermis over the dorsal aspect of the spinal cord is not impeded.









Diastematomyelia


Diastematomyelia is a disorder in which the spinal cord develops into two hemicords, separated by a cartilaginous or bony septum (Fig. 7-6).49 Diastematomyelia usually occurs from the third thoracic to the fourth lumbar vertebrae. Diastematomyelia is among a spectrum of split-cord malformations. These can occur with two hemicords (each within its own dural tube and split with a rigid osseocartilaginous septum), or they can occur with both hemicords in the same dural covering, with only a fibrous band for separation.
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FIGURE 7-6 Diastematomyelia presenting in a 30-year-old woman with spasticity and long tract signs. A, Soft tissue window. B, Bone window.











Neurenteric Cysts


If endoderm is retained in the tract between hemicords, a neurenteric cyst can result.50 These rare lesions are retained cystic structures, ventrally located in the spinal canal, derived from embryonic foregut. These cysts occur most commonly in the thoracic and cervical spine. The epithelium of these cysts varies from ciliated columnar lining that suggests a respiratory origin to linings that can resemble gut mucosa. Because of embryonic gut rotation, neurenteric cysts tend to lie to the right of the vertebral column. Neurenteric cysts can cause spinal cord compression usually appearing in childhood.









Lipomas


Lipomas of the spine are a commonly encountered developmental spinal abnormality, often seen with occult spinal dysraphism. They occur in the lumbosacral area 90% of the time. In contrast, intraspinal lipomas not associated with spina bifida occulta account for about 5% of intraspinal tumors in children and show a predilection for the thoracic spine. These lesions most likely result from inclusion of adipose cells from the overlying mesodermal tissue into the developing spinal canal or the folding neural tube. A tethered spinal cord occurs when these lesions traverse both the bony and neural elements of the spine.51


Lipomas associated with spinal dysraphism take three principal forms: dorsal, terminal, or transitional. In the dorsal form, the lipoma extends from the subcutaneous space through incomplete neural arches and attaches to the dorsal spinal cord. It is rare for nerve roots to be contained within the substance of a dorsal lipoma. Terminal lipomas insert into the distal conus and may be entirely intraspinal, many times containing nerve roots. Features of both dorsal and terminal lipomas appear in transitional lipomas. The embryology of caudal lipomas most likely arises during secondary neurulation. During secondary neurulation the caudal end of the neural tube blends with a large collection of undifferentiated cells, the caudal cell mass. The last phase of secondary neurulation involves regression of the previously formed tail structures, leaving the filum terminale, coccygeal ligament, and terminal ventricle of the conus as its only remnants. Cell rests with the potential for differentiation may be left in these elements and account for the development of lipomas, hamartomas, teratomas, and the rare malignancy.51









Dermoids and Dermal Sinus Tracts


Dermal sinus tracts are lined by squamous epithelium and may penetrate the spinal cord at any level in the midline from the lumbosacral spine to the occiput. Dermoid and epidermoid nodules can frequently accompany dermal sinus tracts. Dermoid and epidermoid tumors may arise within the tract in approximately half of all dermal sinuses.52 These tumors are also encountered within the subarachnoid space, arising from isolated congenital rests of cells derived from the multipotential caudal cell mass. The embryology of dermal sinus tracts and dermoids of the spine is probably a result of incomplete dysjunction of ectoderm from endoderm during the fourth week of embryologic development. The dermal tract becomes elongated during ascent of the spinal cord within the spinal canal and may traverse several layers of dermis and epidermal space before entering the subarachnoid space. Dermal sinus tracts may frequently be missed on initial examination of the infant and only become apparent when the child has symptoms of recurrent meningitis.









Tethered Cord


Traditionally, the tethered cord syndrome has been defined as a low-lying conus medullaris secondary to a short and thickened filum terminale. Recently, the term has been expanded to include a spinal cord that is tethered by fibrous bands or adhesions or an intradural lipoma. The embryologic origin of the short and thickened filum terminale is unknown. By producing traction on the spinal cord, these lesions can cause profound neurologic deficits.


The degree of spinal cord traction, rather than the type or distribution of the tethering lesions, most likely determines the age of symptom onset. Severe traction on the spinal cord results in presentation in childhood, whereas less severe traction is asymptomatic in childhood but appears later in life (because of repeated tugging of the conus during head and neck flexion), or when abnormal tension is aggravated by trauma or spondylotic spinal canal stenosis.53









Syringomyelia


Syringomyelia is a fluid-filled cavity of the spinal cord (Fig. 7-7). Syringomyelia occurs frequently in the cervical and thoracic spine. Although not directly a congenital malformation, it may be considered a developmental abnormality because of its frequent association with Chiari malformations. There is up to a 50% to 75% incidence of cavitation (syrinx) of the spinal cord in the setting of Chiari malformation. The posterior fossa is small because of flattening of the squamous occipital bone. The foramen magnum is enlarged to accommodate the descended cerebellar tonsils.
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FIGURE 7-7 Congenital syrinx.




Syringomyelia may present with pain in the spine, limb, and trunk. Radiographic features may be widening of the spinal canal and erosion of the vertebrae.54 In support of the theories of misguided CSF flow around the herniated cerebellar tonsils, posterior fossa decompression without cyst drainage can improve symptoms.









Summary


Congenital spinal abnormalities may result in significant orthopedic and neurologic symptoms. An understanding of the etiology and natural history of these abnormalities will afford improved management decisions.
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Chapter 8 Anatomy and Pathophysiology of Acquired Spinal Disorders




Paul Porensky, Nicholas W.M. Thomas, Gary L. Rea, Philip R. Weinstein





One must understand the anatomy of the affected spinal region and the effects of a particular syndrome on that anatomy as well as the neurology of lesions that impair its function to understand the clinical presentation of a given spinal disorder, predict its natural history, and design treatment algorithms. Such disorders as degenerative disc disease, rheumatoid arthritis, Scheuermann disease, Paget disease, ankylosing spondylitis, ossification of the posterior longitudinal ligament (OPLL), and spondylolisthesis lead to characteristic changes in spinal anatomy, and each results in characteristic radiographic findings, symptoms, and neurologic deficits that dictate indications and planning of surgical therapy. Nonspecific symptoms common to these conditions are due to joint inflammation and nerve root entrapment.






Degenerative Disc Disease and Spondylosis


Degenerative disc disease (with its characteristic clinical syndromes of disc herniation, spondylosis, and radiculopathy) is associated with vascular, biochemical, and anatomic changes in the disc. There is a consistent anatomic pattern of disc degeneration in the spine, with most changes occurring in the midcervical, thoracolumbar, and lower lumbar regions. This pattern is thought to reflect the distribution of the mechanical stresses caused by spine movement and loading, as well as those due to erect posture.1


The intervertebral disc consists of three components: (1) the nucleus pulposus; (2) the annulus fibrosus, which surrounds the nucleus pulposus; and (3) the cartilaginous end plates, which attach these structures to the rostral and caudal vertebrae of the motion segment. The annulus is formed by a series of lamellae that have high collagen content and thereby provide significant resistance to tensile forces. The ventral annulus is usually wider and more organized than the dorsal annulus, with which discontinuous lamellae may be present.2 The nucleus pulposus, derived embyologically from the primitive notochord,3 has a much higher proteoglycan and water content than the annulus fibrosus. The hyaline cartilage end plates are similar in collagen type to the inner annulus fibrosus and the nucleus pulposus.4


Proteoglycans contribute to osmotic pressure elevation, which results in the nucleus pulposus becoming turgid. This turgidity generates an internal pressure that exerts radial stress during axial loading, pushing the surrounding annular fibers outward and the end plates apart, which in turn results in the development of circumferential tensile stress in the annular lamellae, particularly the inner lamellae. Stress also develops in the end plates and is greatest over the nucleus pulposus, diminishing toward the outer annulus.


The disc acts as a deformable, fluid-like material, whose tendency to bulge is resisted by the tensile stress in the annular lamellae and the end plates. Therefore, a substantial intradiscal surface strength is required to resist a high circumferential annular stress and thus prevent excessive disc deformation (bulging). When disruption of the nucleus pulposus and annulus fibrosus reduces intradiscal pressure, bulging occurs.5


The disc receives its nutrients through small vessels in the cartilage end plates and from the periphery of the annulus.6 With aging, however, the end plates calcify, and vessel loss occurs, until nearly the entire disc becomes avascular.7 The loss of vasculature promotes increased anaerobic metabolism, increasing lactic acid production and cellular necrosis. The water content of the annulus fibrosus decreases from 78% at birth to 70% by the fourth decade, and the nucleus pulposus water content decreases from 90% to less than 70% with maturation.8,9 With this change in vascularity, and with water loss in the region of the inner annulus and nucleus pulposus, there is a relative increase in fibrocytes and chondrocytes, which are more tolerant of a low-pH environment.3


Before the age of 2 years, the nucleus pulposus is translucent and anatomically different from the annulus fibrosus.10 By the second decade, the inner annulus and nucleus grow increasingly fibrous and lose both height and proteoglycans.9 In the third decade, nuclear fragmentation and fibrosis appear. Progressive myxomatous degeneration, swelling, and fissure formation occur in the annulus by the fourth decade.11,12 Eventually the nucleus pulposus may become disorganized, dehydrated, and fragmented with circumferential and radial tears.10,11,13 Grading systems for these patterns of disc degeneration, using plain radiographs or MRI studies, have been published.10,14


On plain radiographs, the degenerative disc changes range from grade I to grade IV. Grade I represents a normal disc. Grade II demonstrates sclerosis along with disc space narrowing or osteophyte formation. Grade III shows moderate sclerosis, and grade IV is associated with severe sclerosis with disc space narrowing or osteophyte formation.14 Yu et al.10 classified changes in the disc, with reference to the age of the subject and to the stage of degeneration, by comparing the anatomic characteristics with the appropriate MRI findings in cadaveric dissections (Fig. 8-1 and Table 8-1). The primitive notochord is present up to age 10. In the second decade of life, a distinct fibrous band forms in the nucleus and disc height diminishes. In the third decade fragmentation and fibrosis of the nucleus occurs. By the fourth decade there is swelling, separation, and myxomatous degeneration of the annular lamellae with fissure formation.12
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FIGURE 8-1 T2-weighted MRI of lumbar spine demonstrating disc desiccation and herniation at the lower levels.




TABLE 8-1 Classification of Lumbar Discs






	Type of Disc

	Anatomic Characteristics

	MRI Features






	Immature

	Nucleus pulposus and annulus fibrosus differentiated, primitive notochord may be present

	High-signal intensity from nucleus and annulus






	Transitional

	Fibrous tissue in equator of annulus

	High-signal intensity from nucleus and annulus, low-signal intensity in ventral and/or dorsal region of nucleus pulposus, corresponding to dense fibrous tissue






	Adult

	Annulus and nucleus not differentiated, annulus intact or marked by small concentric or transverse tears

	Moderately high-signal intensity from nucleus and annulus, low-signal intensity from Sharpey fibers and fibrous tissue in midportion of disc






	Early degenerated

	Radial tear of annulus, diminishing amount and discoloration of fibrocartilage in nucleus

	Diminishing signal intensity from nucleus pulposus, low signal from Sharpey fibers disrupted by region of higher-signal intensity at location of annular tear, slightly diminished disc height






	Severely degenerated

	Replacement of nuclear and annular fibrocartilage with amorphous fiber and cysts

	Severely reduced disc height, low (fibrous tissue) or high (fluid) signal intensity from intervertebral disc







From Yu S, Haughton VM, Sether LA, et al: Criteria for classifying normal and degenerated lumbar intervertebral disks. Radiology 170:523–526, 1989, with permission.


One of the most common disc-related clinical syndromes is a herniated disc with sciatica. With degeneration, fissure formation occurs in a radial distribution. It is likely that the biomechanical cause of disc herniation is related to a combination of complex movements involving compression, lateral flexion, and/or rotation.15-18 With flexion, the nucleus pulposus moves dorsally. The dorsal annulus has fewer and more disorganized lamellae and may be inherently weaker than the thicker ventral annulus. Degeneration of the annulus results in the development of peripheral, circumferential, and, subsequently, radial tears. With complex stresses applied to the dorsally migrating nucleus, herniation may occur along a radial tear.


Disc herniation can cause associated nerve-root impingement. The typical dorsolateral herniated disc affects the nerve root passing to the next lower foramen, but a more laterally herniated disc can affect the nerve root above. Masaryk et al.19 used MRI findings to classify the stages of disc herniation. A bulging disc has an MRI signal similar to the rest of the disc, but the bulge is beyond the adjacent vertebral margins. A prolapsed or protruding disc has nearly breached the outer annular fibers and is barely contained. The disc remains contiguous with the rest of the nucleus pulposus by a pedicle that has a high signal on T2-weighted MRI. The disc is extruded when it completely breaches the outer annular fibers and the posterior longitudinal ligament, but remains in continuity with the disc proper. If the fragment is no longer in continuity with the main part of the disc, it is termed a sequestered, or “free,” disc fragment. The International Society for the Study of the Lumbar Spine20 classified the disc as either contained or noncontained, with the latter group including extruded and sequestered discs. Free fragments may migrate in a rostral or caudal direction. It appears that far-lateral herniated discs are more likely to migrate in a rostral direction, thus affecting the nerve root above the disc space.21


Disc degeneration without herniation may also lead to changes affecting the biomechanical function and stability of both the intervertebral and articular facet joints. Although opinions differ regarding whether facet or disc degeneration is the initial event that causes spondylosis, the three-joint intervertebral-motion–segment concept emphasizes that disease in each component affects the others. This is to say that unilateral or bilateral facet disease or disc degeneration may lead to progressive changes in the other segmental units. Adjacent bone changes are associated with cartilaginous degeneration in these three joints. Spurs and osteophytes form at the site of peripheral annular attachment to the end plates. These osteophytes are thought to be formed in regions of excessive motion. Kirkaldy-Willis22 incorporated this concept into a theory regarding the natural history of spinal degeneration. He believed that facet and disc disease occurred with progressive reciprocal dysfunction. This resulted in ligamentous laxity around the facet joint and increased stresses that lead to internal disc disruption. This condition causes subluxation, disc resorption, and, finally, paradiscal osteophyte formation. Enlargement of the facets also occurs as a result of osteophyte formation. These changes may contribute to lumbar stenosis (Fig. 8-2) or a lateral recess syndrome.23-25
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FIGURE 8-2 T2-weighted MRI of lumbar spine demonstrating lumbar spinal canal stenosis, particularly at L4-5. Osteophytic spurs are evident ventrally and hypertrophied ligamentum flavum dorsally.




Patients with significant lumbar spinal canal narrowing resulting in stenosis complain primarily of pain, weakness, and leg numbness while walking. This pain can be relieved when the patient flexes the spine by sitting, by leaning forward while walking (shopping cart sign), or by leaning against counters. The symptomatic improvement associated with these maneuvers is related to an increase in lateral recess and spinal canal dimensions. Flexion results in stretching of the protruding ligamentum flavum and posterior longitudinal ligament, as well as reduction of overriding laminae and facets.26 This small amount of change in the circumferential spinal canal, lateral recess, and foraminal region alleviates the pressure on the nerve roots and subsequently relieves the symptoms. Returning to the erect posture leads to repeated compression and a further exacerbation of symptoms. During ambulation, some patients experience the onset of symptoms because of an increased metabolic demand in nerve roots that have become ischemic as a result of stenotic compression. Such “neurogenic claudication” is relieved when the subject sits. Often, bicycling (which is associated with flexion of the lumbar spine) is well tolerated.


Aging discs in the cervical spine cause characteristic spine alterations that may lead to cervical myelopathy or radicular pain and deficit. In young subjects, the cervical spine assumes a lordotic posture. This results in a greater ventral height of the annulus, compared with the dorsal annular height. With aging, however, intradiscal water loss and disc narrowing occur, thus leading to progressive spine straightening. In young patients, the range of intervertebral motion is greatest at C5-6 and C6-7. Narrowing and degeneration with osteophyte formation is most marked at these levels (Fig. 8-3). With these changes there is progressively less movement. In patients older than age 60, motion at C3-4 and C4-5 increases. Increased degenerative instability in older patients, therefore, is associated with translational subluxation, especially retrolisthesis at C3-4 and C4-5.27 In this scenario the spinal cord of the patient with cervical spondylotic myelopathy may not only be compressed by osteophytes, but may also suffer repeated injuries secondary to intervertebral hypermobility or instability. Dynamic flexion-extension radiographs are necessary to diagnose degenerative spondylolisthesis since static films in neutral position do not demonstrate subluxation, if present. A treatment protocol that does not take these factors into account may be associated with less than optimal success.
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FIGURE 8-3 T2-weighted MRI of cervical spine in a 72-year-old patient. Disc spaces are reduced in height, particularly at the C5-6 and C6-7 levels.











Rheumatoid Arthritis of the Spine


Rheumatoid arthritis (RA) affects both the spine and the peripheral joints. It has a prevalence of approximately 1%, with the greatest incidence in the fourth through sixth decades.28 RA is a disease of the synovial joints. The earliest change in the joints is synovitis, followed by an acute inflammatory response as a result of antibody-antigen complex formation. These processes activate the complement cascade and generate biologically active substances, ultimately resulting in complete destruction of the joint. This acute process is followed by a chronic granulomatous process, or pannus formation, which produces collagenase and other enzymes that destroy surrounding cartilage and bone.29 This may lead to instability because of ligamentous incompetence.28,30,31


Considerable controversy regarding the pathogenesis of cervical spine rheumatoid joint disease revolves around whether the initial site of involvement is (1) the apophyseal joint, with resultant facet destruction and progressive secondary instability of the intervertebral disc, or (2) inflammation in the uncovertebral joint, which leads to primary disc destruction with secondary degenerative involvement of the apophyseal joints. Martel32 examined 20 RA patients and found instability associated with apophyseal joint involvement. This leads to vertebral end plate destruction, disc space narrowing, and erosion. At autopsy, the discs showed evidence of necrosis and degeneration, with minimal inflammation. Martel proposed that apophyseal changes caused the instability with secondary disc destruction and end plate microfractures. The relative infrequency of cervical spine disease in juvenile-onset RA was explained by the early bony ankylosis of the apophyseal joints observed in these subjects.


Ball33 reviewed the pathology of 14 RA patients with no radiologic evidence of cervical disease and found that the earliest histologic lesions were in the uncovertebral joints. He suggested that the disc and adjacent bone are then secondarily involved with resultant inflammatory destruction and progressive instability. The fact that uncovertebral joints are not completely developed in the first two decades of life34 might also explain the infrequency with which cervical rheumatoid disease is seen in juvenile-onset RA.35


Cervical spine disease is observed in as many as 88% of patients with RA.36 The manifestations include C1-2 instability, occipitocervical (OC) instability (with or without vertical displacement of the dens), and subaxial cervical RA. C1-2 instability is the most common form of cervical rheumatoid involvement and may occur in up to 74% of the patients.37 The dens is surrounded by two synovial joints, one ventrally, between the atlas and dens, and another between the transverse ligament and the dens. With involvement of the synovial joints there is progressive inflammation, destruction, and subsequent transverse ligament laxity, with destruction of the osseous attachments of the ligamentous complex. This loss of ligamentous integrity allows C1 to move ventrally on C2. If there is further significant disruption and osteomalacia of the dens itself, then dorsal C1-2 subluxation can also occur.38 If the synovial apophyseal joints between C1-2 are involved as well, lateral rotation may also be evident in addition to subluxation at C1-2. OC instability results from involvement of the atlanto-occipital articulations. With significant articular facet destruction, there is progressive collapse of the occiput at C1 and vertical displacement of the residual dens (Figs. 8-4 and 8-5). This has also been termed atlantoaxial impaction, vertical subluxation, cranial settling, and basilar invagination.38 Vertical displacement of the dens occurs in 5% to 32% of RA patients.29,39,40 It is believed that vertical displacement of the dens represents a more advanced stage of systemic disease burden; indeed, one 10-year retrospective review of patients with RA cervical instability treated with OC fusion noted significantly worse long-term outcomes in the subset of patients with vertical displacement of the dens.41
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FIGURE 8-4 T2-weighted MRI of cervical spine demonstrating vertical displacement of the dens.
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FIGURE 8-5 CT of cervical spine demonstrating vertical displacement of the dens.




In the subaxial region, the levels most commonly involved with rheumatoid synovitis are C2-3 and C3-4. Subluxation (Fig. 8-6) may occur in approximately 7% to 29% of the patients with RA.38 Subaxial region subluxation rates as high as 31% have been noted after rostral surgical fusion; however, there was no increased incidence of myelopathy or pain with fusion-adjacent subluxations.41 These “staircase” subluxations are thought to be caused by significant ligamentous laxity and facet degeneration.36,42 At any of the various sites of rheumatoid involvement, osseous erosion of adjacent bone, caused by osteoclastic resorption, occurs frequently.43
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FIGURE 8-6 T2-weighted MRI of cervical spine demonstrating C5-6 subluxation and spinal cord compression in a patient with rheumatoid arthritis. Marked vertical displacement of the dens is also evident.




With the significant bony destruction, ligamentous laxity, and the potential for neural compression observed in the rheumatoid cervical spine, the primary emphasis of treatment is reduction of subluxation and fusion/fixation to prevent spinal cord injury. The optimal time to proceed with operative intervention is yet to be determined. Omura et al. stratified their RA population and found that the subset of patients with seropositive disease and systemic evidence of mutilating-type joint involvement are at the highest risk of deterioration of their known cervical lesion.44 Furthermore, retrospective review of RA patients with cervical disease found that best-medical management faired significantly worse when compared with surgical fusion with respect to both morbidity and mortality.44 When substratifying the patient population undergoing surgical fusion, patients operated on earlier in their course and with a better functional preoperative score had a more pronounced overall improvement than those undergoing late surgical management. There is strong evidence for early operative intervention for the stabilization of RA-associated cervical disease.44,45


Surgical fusion yields multiple benefits, including reduction of both pain and neurologic sequelae; retrospective analysis of long-construct dorsal fusion demonstrates significant recovery of these two characteristics, compared with best-medical management, with improvement of an average of one to two grades on the Ranawat scales for pain and neurologic symptoms (Boxes 8-1 and 8-2).41,44,45 These improvements were persistent, even in the setting of failed permanent postoperative reduction of deformity and imbalance.41 The chronic granulomatous pannus decreases in size with the elimination of abnormal movement after successful arthrodesis.46,47 There is no consensus regarding the optimal type of intervention, but one must keep in mind the inherent poor quality of RA bone, the laxity of ligaments, the insidious inflammatory nature of RA itself, and the destructive effects of the myriad pharmacologic interventions, especially with respect to treatment with corticosteroids.45





BOX 8-1 Ranawat’s Scale for Pain






Stage 0


No pain









Stage I


Intermittent pain responsive to standard analgesics









Stage II


Intermittent pain partially responsive to standard analgesics—need for immobilization by a cervical collar









Stage III


Incapacitating











BOX 8-2 Ranawat’s Scale for Neurologic Involvement






Class I


No neurologic abnormalities









Class II


Subjective impression of muscle weakness with brisk deep tendon reflexes and dysesthesia









Class IIIA


Moderate objective motor loss leaving some degree of self-sufficiency









Class IIIB


Severe neurologic impairment with complete loss of self-sufficiency















Scheurmann Disease (Juvenile Kyphosis)


Scheuermann48 first described the progressive dorsal kyphosis of adolescent children in 1920. The deformity is usually evident as a fixed thoracic kyphosis that does not correct with hyperextension, thereby differentiating it from a postural kyphosis. Compensatory hyperlordosis of the lumbar and cervical spine may also be present. A mild scoliosis is noted in 20% to 30% of patients.49 Sorenson50 described the characteristic feature of ventral wedging of 5 degrees or more in at least three adjacent vertebrae. Other characteristics include kyphosis of greater than 40 degrees, vertebral end plate irregularity, and disc space narrowing.51 The prevalence of the disease ranges from 0.4% to 8%.50 It occurs predominantly in males (91% in one series).52 Hereditary patterns of transmission have been identified, though genetic loci have yet to be determined.53


Basic biomechanical factors and forces may play a role in this disorder. The thoracic spine has a natural kyphosis determined primarily by the shape of the vertebrae; in the adolescent thoracic spine 20 to 40 degrees of kyphosis is normal. The dorsal elements, including the ligamentum flavum and the laminae, resist forward flexion of the spine in tension, whereas the ventral bony elements (vertebral bodies) and disc resist compression.54 However, the facet joint capsules in the thoracic region are mechanically “weaker” than those in the lumbar region, so that any factor that increases the torque of the spine can result in greater deformity. The more marked the initial angulation of the spine, the larger the load (subject’s weight), and the longer the duration of load application, the greater the likelihood of the progression of the deformity.


Scheuermann disease must be differentiated from juvenile postural kyphosis, which, as the name attests, is a kyphosis seen during flexion that will correct with improved posture and extension. The apex of the curve is smooth. The condition will improve with therapy that targets improved posture and core strengthening.53


The pathogenesis of the disease remains unclear. Scheuermann believed that aseptic necrosis of the ring apophyses caused interruption of growth, which resulted in ventral vertebral body wedging.55 Subsequent work has refuted this theory by demonstrating that the apophyses do not contribute to longitudinal growth. Such growth is now known to result from endochondral ossification of the end plates.55 Schmorl56 felt that damage to the end plate by herniated disc material was of importance. Schmorl nodes are, however, not limited to the kyphotic region of the spine and are common in otherwise normal patients. It has been postulated that osteoporosis is involved,57,58 but recent investigations have found no differences in the trabecular bone density between patients with Scheuermann disease and controls matched for age, gender, and race.52,59 Other factors such as inflammation,60 hormonal influences,61 genetic factors,62 altered calcium metabolism,63 hypovitaminosis,64 neuromuscular disorders,65 extradural cyst formation,66,67 defective collagen formation of the end plate,68 and a decrease in the collagen-proteoglycan ratio of the end plate61 have been implicated, but their roles in the development of the disease have not been substantiated.


There is a high association (>90%) between ventral osseous extensions from the anterior margin of the vertebral body and the diseased vertebrae, a feature that is absent in normal specimens.52 Histologic examination reveals disorganized endochondral ossification, which may be a result of abnormal stress. Traumatic features of vascular and fibrocartilage proliferation are evident in the ventral end plates in Scheuermann disease.52,68,69 The dorsal vertebral height in cases of Scheuermann disease is not significantly different from that of controls, implying that either the ventral and dorsal stresses are different or that the kyphotic changes occur after dorsal growth is completed (the normal pattern of ring apophysis closure starts dorsolaterally, then works ventrally).52 Possibly, the natural thoracic kyphosis, being exacerbated by a rounded back, results in the development of the abnormal kyphosis.


Back pain is uncommon in the growing child with Scheuermann disease. Low back pain has been reported to be common (up to 50%)51 in adults with progressive, untreated dorsal kyphotic deformities. In other studies pain was not a significant problem.51 Progression of deformity is documented in 80% of patients older than 25 years of age, but the extent of deformity and pain is generally not severe.70 The kyphosis most commonly progresses before skeletal maturity, but can occur in adulthood.71 Disc degeneration is also associated with the deformity. Development of neurologic complications is rare, but is due to thoracic disc hernation, dural tenting, extradural cysts, and vascular compromise.72


Examination of the patient with Scheuermann disease can reveal a hyperpigmented lesion at the apex of the thoracic curve—a result of friction injury from the abnormally protruded spinous process. Patients often have a forward-protruding head, flexion contractures of the shoulders and hips, as well as tight hamstrings.53


Treatment is often indicated to correct the deformity, prevent its progression, and alleviate pain. The extent of the kyphosis and the age of the patient are important criteria for intervention. The nonoperative forms of treatment, such as bracing (Milwaukee brace) or casting, are the first line of treatment for most cases in which the kyphotic deformity is less than 65 degrees. These cases have a high success rate in correcting the deformity, especially if treatment begins before closure of the iliac apophyses (i.e., skeletal maturation).73 Operative treatment with fusion is reserved for cases of progressive deformity, pain not responsive to an adequate trial of casting or bracing, degenerative changes in adults associated with the kyphosis, cardiopulmonary compromise, and for a deformity greater than 65 degrees.71


Dorsal long-construct instrumentation that extends rostrally and caudally well above the thoracic apex is often adequate for stabilization and correction of the deformity. In the event of extreme kyphotic deformity, both a ventral and dorsal surgical approach is necessary for a more definitive correction,53 as well as the maintenance of correction until fusion in the setting of greater tension forces opposing the correction. A large retrospective review comparing 78 patients treated with either dorsal instrumentation alone or combined anterior-posterior instrumentation showed a comparable degree of deformity correction. The rates of proximal junctional kyphosis and surgical complications were clinically and statistically significantly increased in the combined procedure. A decreased rate of postoperative loss of correction was observed with the combined procedure. A higher rate of proximal junctional kyphosis was correlated with a greater degree of postoperative kyphosis, greater pelvic incidence, and less imbalance correction. The authors conclude that dorsal arthrodesis and fixation alone should be the favored procedure whenever possible due to the lower complication rate.74 On the other hand, anterior ligamentous and disc release with video-assisted thoracoscopic surgery (VATS) combined with dorsal spinal fusion may yield lower complication rates and increased sagittal deformity correction, due to the anterior tension band release.75









Paget Disease


Paget disease is a metabolic bone disorder thought to be of possible viral origin. Prevalence of the disease has marked geographic variation. In the United States, Paget disease is found radiographically in 3% to 4% of patients older than age 40.76 Histologically, the disease is characterized by areas of bone resorption and new bone deposition resulting from focal increases in the population of osteoclasts. The individual cells are larger than normal and contain inclusion bodies similar to paramyxovirus capsids. This suggests viral induction of the osteoclastic activity and results in a greater surface bone resorption. There is no disturbance of reactive bone formation; therefore, increased osteoblastic activity compensates for the bone resorption and, in fact, produces a net-positive balance of bone. The bone is usually lamellar, and it is normally mineralized.76 However, woven bone and occasionally osteoid bone are also present and result in reduced bone quality with disruption of the lamellar structure of both cortical and trabecular bone.


The pelvic bones are the most commonly affected, followed by the spine. Approximately 70% of patients have lumbar spine involvement, 45% have thoracic spine lesions, and the cervical spine is involved in 15% of cases.77 The frequent involvement of the lumbar spine is thought to be caused by increased loading.78 The lesions are primarily in cancellous bone. Approximately two thirds of the radiographically evident lesions are asymptomatic.77 Back pain in Paget disease is related to the combination of the bone deformity and subchondral bone enlargement that alters the contours of the joint surfaces and leads to joint degeneration. The subchondral changes include increased bone deposition and subchondral infarcts from abnormal pressure on expanded bone, each of which causes the bone to lose its normal flexibility and usual biomechanical properties.76 The involved vertebral body can interfere with nutrition of the intervertebral disc, thus leading to early degenerative sclerotic changes.


Radiographically, the majority of patients with Paget disease have involvement of both the vertebral body and dorsal osseus elements—involvement of only ventral or dorsal structures is rare. Consistent with histologic analysis supporting periosteal bone formation and endosteal absorption, early radiographs show increased density in the osseous periphery contrasted with a central lucency.79,80 Commonly, sclerotic areas are present as well as localized osteolytic lesions, which may coalesce with time. As a result of the disorganized pattern of bone deposition, biomechanical efficiency is reduced and the risk of fracturing is increased. Healing of fractures is usually efficient. The histologic features of Paget disease are observed in the fracture line.76 The incidence of neurologic sequelae with thoracic and cervical spine involvement is increased, perhaps caused by the narrower diameter of the spinal canal due to stenosis in these regions.81,82 Some advocate that a component of epidural fat ossification is a factor, though this may be simply a component of advancing periosteal bone formation that projects into the canal.79


Back pain is the most frequent presenting symptom, resulting from multiple possible etiologies, including periosteal stretching, deranged vascularity with resulting zones of ischemia, stenosis, nerve root compression, facet arthropathy, and osseous microfracture.79 Neurologic sequelae have been reported in 25% to 30% of cases of Paget disease.81,83 The neurologic deficits are most often caused by bony compression of the spinal canal or the foramina, with the neural arch and the facet joints most commonly affected by the proliferative bone deposition.81 Fractures and subluxations can also compromise the spinal canal, and progressive platybasia can result in compression of the medulla. Vascular “steal,” resulting from the increased vascularity of the pathologic bone, has also been implicated in the development of neurologic deficits.84


Treatment centers on reducing the burden of hypertrophied and abnormal bone. Despite the prevalence of stenosis with resultant neural element compression, the first intervention is medical treatment with bisphosphonates and calcitonin, among other agents. Surgical decompression is rarely indicated, owing to the success of medical intervention.79 If surgery is to be considered, an aggressive preoperative course of treatment should be considered to reduce the volume of abnormal and highly vascularized tissue, which can lead to voluminous blood loss.80 Pagetic lesions rarely degenerate to benign and malignant neoplasms that require more aggressive surgical management, with osteosarcomas predominating in the latter category.79









Ankylosing Spondylitis


Ankylosing spondylitis is an inflammatory disorder affecting synovial and cartilaginous joints, primarily in the axial skeleton. The most noticeable pathologic findings are inflammation of the ligamentous attachments (enthesiopathy), discovertebral erosions, and new bone formation that results in the ankylosis or autofusion of intervertebral joints.


The cause of the disease remains unknown, but it appears to be multifactorial with both genetic and acquired factors playing a role. There is a male predominance, varying from 3:1 to 8:1.85 Peak age of onset is between 15 and 29 years, with less than 5% beginning after age 50.86 Prevalence in the United States population is about 0.1%.87


The earliest signs of ankylosing spondylitis occur in the region of ligamentous attachment to bone (the enthesis).88,89 In ankylosing spondylitis the enthesis shows multiple, focal, microscopic inflammatory lesions that eventually destroy the ligament and erode the adjacent cortical bone. This process leads to an osteitis, primarily at the ventral and ventrolateral aspects of the attachment of the annulus fibrosus to the vertebral bone. This is the “anterior spondylitis,” or Romanus lesion, that is observed radiographically.90,91 As the reparative process occurs, woven bone replaces the cortical erosion (ossification in fibrous tissue without preceding cartilage formation). Ultimately, this is replaced by lamellar bone.33 Syndesmophytes are formed, most conspicuously on the ventrolateral aspects of the vertebrae adjacent to each disc. This results in new enthesis formation above the original level of cortical bone. Further thickening and growth of the syndesmophyte may be caused by inflammatory lesions in this new bone33 or chondroid metaplasia with ossification.92


In the apophyseal joint, osteitis and enthesiopathy occur at the junction of capsule and bone and result in reactive bone formation and ossification of the capsule,93,94 usually in the presence of well-preserved articular cartilage, implying that the capsule-ligamentous attachment is of primary importance in the apophyseal joint pathology.33,93 Ultimately the joint may become ankylosed by endochondral ossification. This may be the result of capsular ossification or the general immobility of the spine as a result of discovertebral syndesmophyte formation as described previously.33,95 However, the observation that apophyseal joint ankylosis may occur in the absence of vertebral ankylosis at the same level makes the former more likely.94


Concomitant ossification of the supraspinous and interspinous ligaments also occurs where there is a nonspecific inflammatory process at the attachment of the ligaments.91 The anterior longitudinal ligament, however, does not usually become ossified, except at its deep fibers adjacent to the annulus fibrosus.92


Bone resorption (resulting in squaring of the vertebrae), syndesmophyte formation, bony ankylosis of the intervertebral discs, and apophyseal joint and ligament ossification complete the classic radiographic “bamboo-spine” appearance. Although bone formation at the attachments of the ligaments and at the apophyseal joints is increased, the vertebrae in ankylosing spondylitis are generally osteoporotic. This may be a result of the systemic effects of the disease, immobilization of the vertebrae, the inflammatory process, or drug treatment.96


As the bony ankylosis in the discovertebral region and the apophyseal joints progresses, the normal flexibility of the spine is lost. The spine is much stiffer than normal and is unable to absorb and dissipate loading energy in an efficient manner. Indeed, the ankylosing process itself may introduce a “lever-arm” quality to regions of affected neuroaxis, increasing the magnitude of injury that may be focused at specific spinal levels.97 Because of these factors and osteoporosis, the bone is much more prone to fracture and subluxation after trivial trauma (Fig. 8-7).98 Due to the long lever-arm effect of inflexible segments adjacent to the fracture, the spinal cord is significantly vulnerable when dislocation occurs in these fractures. The cervical spine appears to be particularly susceptible; approximately 75% of the spinal fractures occur in this region, primarily in the lower cervical spine.99 These fractures tend to pass through the ventrodorsal width of the vertebra and may involve the calcified ligaments in the spinous processes. This process may occur either at the level of the disc space or through the vertebral body.98 A cervical kyphosis is often present, and the neck is especially vulnerable to hyperextension injuries.99-101 Some authors have attempted to match the mechanism of injury to the fracture location, considering extension to cause transdiscal fractures and flexion to cause transvertebral fractures.101 Others have not found this relationship.100
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FIGURE 8-7 CT of two patients with ankylosing spondylitis and fracture caused by minor acceleration/deceleration injuries. A, C5-6 fracture through the disc space and superior end plate producing sagittal deformity. B, Low thoracic fracture dislocation through the disc space and posterior elements resulting in severe canal stenosis. Both fractures are highly unstable.




Injuries to the thoracolumbar spine, though less frequent than cervical traumatic injury, are themselves significantly more frequent in the ankylosing spondylitis patient, occurring at a rate four times that in the general trauma population.102 The majority of these fractures represent three-column injuries, again an indication of the imbalance, poor osseous quality, and associated disease in adjacent soft tissue structures that is seen with ankylosing spondylitis.


In spondylitic patients with cervical spine fractures, the mortality rate is 35%, as compared with 20% for patients with a normal spine. Also, the risk of severe neurologic sequelae in ankylosing spondylitis is 57% compared with 18% in the normal spine.98 One review documented an American Spinal Injury Association (ASIA) A posttraumatic grade in 41% of ankylosing spondylitis patients; the mechanism for the majority of these patients was a fall from a standing position.103 Without ligamentous support, and with multiple ankylosed vertebrae, any spinal movement is concentrated at the fracture site. Therefore, fractures are usually very unstable. The increased risk of bleeding with fracture in ankylosing spondylitis is thought to be related to the enlarged diploic spaces of the pathologic cancellous bone, the extensive nature of the fracture, and damage to adjacent epidural veins.100,104 Epidural hematomas have been reported to occur in 20% of cases.30 For these reasons, there is greater potential for neurologic deficit. This is especially problematic because fractures often occur after minor trauma, and often in the lower cervical region. These may be difficult to visualize radiographically, especially in osteoporotic bone. Further complicating the radiographic evaluation of neuraxis trauma is the diffuse and active inflammation that forms the basis of the disease, which is seen as increased signal on the short-tau inversion-recovery (STIR) MRI sequence. Acute injury may be masked during radiographic examination due to these chronic MRI changes.


Operative interventions in the acute setting should focus on restoring preoperative sagittal balance, rather than on attempting to improve the kyphotic deformity that is typically present before injury. Further strain to neural elements by excessive traction, or during patient transfers unprotected by external immobilization, may introduce a devastating additional injury. Correction may proceed at a later time when in a more controlled setting. Additionally, halo vest or other cervicothoracic vest fixation should be used judiciously in cases of ankylosing spondylitis, as these patients often have multiple medical morbidities, including decreased vital capacity and pulmonary insufficiency due to ankylosis of the costovertebral joints, which would be further strained by such intervention.97,103


When fractures occur, a normal callus forms at the site, and although inadequate immobilization may lead to pseudarthrosis, healing is typically rapid.99 Pseudarthrosis of transdiscal fractures in undiagnosed ankylosing spondylitis is often confused with disc space infection or tuberculous spondylitis.


Although atlantoaxial instability is far less common in ankylosing spondylitis than in RA, it may occur.105,106 Inflammation of the entheses, the apophyseal joints, and the synovial joint between the dens and the transverse ligament results in both bony and ligamentous damage, with subsequent instability similar to that observed in RA. The atlantoaxial joint may be the only remaining mobile segment and the fulcrum of all craniocervical mobility of the cervical spine in patients with advanced ankylosing spondylitis.









Ossification of the Posterior Longitudinal Ligament


Although OPLL was first reported in 1838 in England,107 it has received increased attention because of the high incidence in Japanese and other Asian populations.61,108 OPLL appears in approximately 2% of the cervical spine radiographs in the Japanese population, and autopsy studies show an incidence of 20% in subjects older than age 60.109 More recently it has been recognized in the non-Asian population, but the prevalence is lower in other countries: 0.1% in West Germany,110 0.12% to 0.7% in the United States,110-112 and 1.7% in Italy.113 The incidence appears to be higher in males, and it increases with age.109 The pathogenesis of OPLL remains unclear, though recent investigation has narrowed the genetic loci of interest to a site near the human leukocyte antigen (HLA) on chromosome 6p.114 Routine tests to determine levels of C-reactive protein, rheumatoid factor, and HLA-B27, as well as the erythrocyte sedimentation rate are all normal.108,109 HLA-BW40 and SA5 alterations are more common in OPLL patients, but there is no clear evidence of an inheritance pattern.109,115 Metabolic abnormalities such as hypoparathyroidism, acromegaly, vitamin D–resistant rickets, and spondyloepiphyseal dysplasia may occur concurrently with OPLL,109,114 implying a disturbance of calcium metabolism. However, the significance of these abnormalities in the pathogenesis of OPLL is unclear. The number of growth hormone receptors are often elevated, and bone morphogenic protein (BMP) levels are elevated even in nonossified tissue compared with controls.114 In one series 28.4% of the OPLL patients were diabetic, and 17.7% had an impaired glucose tolerance test. Patients with diabetes mellitus have an increased incidence of OPLL.109 Myotonic muscular dystrophy has also been reported in association with OPLL.


Other hyperostotic conditions associated with OPLL are diffuse idiopathic skeletal hyperostosis (with a concomitance rate of 50%),116 ankylosing spondylitis (with a 2% concomitance rate), and ossification of the yellow ligament (with a concomitance rate of 6.8%).108,109


Radiographically, this acquired spine abnormality is characterized by abnormal ossification involving the posterior longitudinal ligament along the dorsal border of the vertebral body. Greater than 70% of disease is located within the cervical spine, and thoracic or lumbar involvement without concomitant cervical involvement is unusual.114 OPLL is grouped according to its localization along the vertebrae. It has been classified into segmental, mixed, continuous, and localized forms.109 The segmental type is characterized by calcification or ossification behind each body, with each osteophytic segment separated by the uninvolved disc (Fig. 8-8). The continuous type extends over the bodies and discs of several vertebrae. The mixed type is a combination of these two types. The localized type demonstrates ossification limited to the ligament over the disc space. Early OPLL first presents with small ossification patterns posterior to the disc space, making delineation from more ubiquitous degenerative disc disease difficult. Contrast-enhanced MRI may help with the diagnosis, as the posterior longitudinal ligament (PLL) uniformly enhances in the setting of OPLL, but disc pathology does not.114 The vertebrae at C4, C5, and C6 are most affected, and the average number of vertebrae involved is 3.1.109 Ligamentous ossification substantially reduces the size of the spinal canal, particularly in the mixed and continuous types, especially when underlying developmental stenosis is present.
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FIGURE 8-8 CT and T2-weighted MRI of cervical spine showing the segmental form of ossification of the posterior longitudinal ligament at C5-6. A, MRI demonstrates cord compression. B, Ligamentous ossification, however, is best shown by CT.




Histologically, the normal PLL contains both type I and type II collagen. In OPLL only type I collagen is identified, suggesting that the process of ossification involves replacement of the original collagen matrix.117 The heterotopic bone formation observed with OPLL occurs in the superficial layer of the PLL, leaving an unossified gap between the dorsal aspect of the vertebral body and the ligament. The ossified ligament has a typical lamellar bone structure with haversian canals and a few bone marrow canals.117 Calcification or ossification may also involve the dura mater.


The average radiographic narrowing of the anteroposterior diameter of the cervical spinal cord has been noted to be more than 40% for the mixed and continuous types.109 Progression of the disease in a single, small series has been documented as a mean annual increase of 4.07 mm rostrocaudally and 0.67 mm in the ventrodorsal direction.118 Myelopathy is the most common neurologic abnormality. It is likely that a large proportion of cases are asymptomatic when developmental stenosis does not aggravate cord compression.119 The relative paucity of symptoms has been attributed to the slow rate of progression observed in most cases, as well as the lack of underlying developmental stenosis. However, a critical spinal canal diameter can be reached, where even minimal trauma can result in severe neurologic deficit.


Management of OPLL must first include a determination of whether a neurologic deficit due to severe stenosis is present or impending, as well as a characterization of other medical morbidity due to OPLL’s association with a myriad of metabolic derangements. Conservative treatment of pain and minor neurologic deficits can include NSAIDs, steroids, and external brace immobilization. Studies have shown that early surgical intervention before the onset of neurologic deficit correlates with significantly improved outcomes. Much like patients with other degenerative/inflammatory pathology of the cervical spine, even very minor trauma can lead to devastating neurologic injury due to the derangement of normal cervical dynamics.114


The surgical treatment of OPLL has been aimed at enlarging the spinal canal by removing the vertebral bodies and ossified ligament by ventral corpectomy and fusion. Internal fixation may obviate the need for postoperative halo or Minerva immobilization. It is important to note that the dorsal approach for laminoplasty or multilevel laminectomy and posterior spinal fusion with instrumentation does not remove the primary pathologic lesion. With rapid disease progression, ventral surgery may still be required as a secondary procedure. In advanced cases with severe developmental and acquired stenosis over multiple levels, combined or staged dorsal and ventral decompression and fusion may be required. Nevertheless, the anterior approach can be fraught with approach-related complications such as dysphagia and dysphonia. Most notably and unique to this pathology is the complication of iatrogenic durotomy and formation of cerebrospinal fluid (CSF) fistula. Investigation into the predictive value of preoperative radiographic findings has helped to stratify patient risk for CSF leak. Hida et al. first described these CT findings: the single-layer sign, defined as a large focal mass of dense OPLL, and the double-layer sign, with ventral and dorsal hyperdense rims of OPLL surrounding a central hypodense (nonossified) ligament.75 Evaluation of these two groups allows for further risks stratification; Min et al. described an incidence of dural penetration in 52.6% of patients with the double-layer sign, 13.6% of patients with the single-layer sign, and 1.5% of patients without either sign.120 Patients with extension of continuous OPLL and cord compression up to the C2 level or caudally to the upper thoracic segments may be best treated with posterior decompression and fusion alone. Whether progression of the OPLL mass effect on the spinal cord in the rostrocaudal or anteroposterior directions is arrested by laminoplasty or laminectomy with fusion remains controversial.









Spondylothesis and Spondylolysis


Spondylolisthesis is the translational movement of one vertebra on another. Spondylolysis refers to a defect in the pars interarticularis and may or may not be observed in spondylolisthesis. Instability of the affected motion segment may cause back pain. Sciatica and radiculopathy are more likely caused by foramen stenosis than by spinal canal constriction. To understand the classification, implications, and radiographic findings of these conditions, the anatomy and biomechanics of the area of the lamina, known as the pars interarticularis, must be considered.


The pars interarticularis, or isthmus, is the bone between the lamina, pedicle, articular facet, and transverse process. This region is able to resist significant forces in excess of 1251 N.121 It has a cross-sectional area of about 0.75 cm2, with two layers of cortical bone and intervening trabecular bone.122 Developmental or traumatic incompetence or disruption of the pars is associated with anterolisthesis due to instability of the motion segment.


Flexion, extension, and rotation all have effects on the disc and, subsequently, on the facet joints and pars interarticularis. With normal lumbar lordosis, with the discs inclined in a ventrocaudal direction, the load is transmitted by the discs.123 Axial loading therefore places both the disc and the caudal facets under ventral shear stress.124,125 This stress is parallel to the intervertebral disc and is resisted by the caudal facets of the apophyseal joints, the disc, and the muscles attached to the neural arch.122,124,125 In the intact specimen under shear stress, approximately 60% of the stiffness is provided by the disc and 15% by the facet joints.123 The lower lumbar level apophyseal joints lie directly across the plane of the disc and therefore may contribute more to resisting shear than the apophyseal joints in the upper lumbar region, which are at the level of the pedicles.124 In addition, the upper lumbar disc spaces are more dorsocaudally inclined in the upright position, thus making the apophyseal joints less susceptible.


Exactly which movements cause the mechanical deformation and, ultimately, the failure of the pars interarticularis remains unclear. The contribution of flexion, extension, and rotatory movements has been reviewed.121,124,125


It can be demonstrated that as flexion occurs, compression and ventral shear stresses in the lower lumbar region increase.124 Muscular, and then ligamentous, tension resists the shear stress. The simultaneous application of the shear stress and the resisting forces causes stress concentration at the caudal margin of the pedicle, which progresses across the pars.124 The pars, which is not as strong as the pedicle, fails as the stress increases with greater flexion. Debate remains about whether a single episode of overload124 or fatigue126 causes microfractures that lead to a gross fracture with continuing overload. It is likely that a combination of both processes occurs.125 The same mechanism that causes the fracture prevents complete healing, and fibrous nonunion results. This may allow progressive listhesis with elongation of the pars.127


Research and clinical information also implicate extension movement in generating stresses across the pars interarticularis that may lead to fracture.125 It has been suggested that the frequency of spondylolisthesis in gymnasts is a result of hyperextension injuries occurring on landing in the upright position with accentuated lumbar lordosis. If the extended spine is accelerating and then is subjected to sudden deceleration, increased shear stress is generated along the disc space, which in the lower lumbar spine is at an angle to the line of deceleration. This results in further extension, increasing shear, and greater stress across the pars.125 Also, the disc is less stiff in extension, making ventral translation even more probable.121 Microfractures develop, and once the bone is defective, the forces acting on it result in further microfractures and progression of the lytic lesion. Further support for the importance of lordosis in causing the pars defects is observed in patients with Scheuermann disease, in which a compensatory lumbar lordosis occurs. Asymptomatic lumbar spondylolysis often without spondylolisthesis has been reported in as many as 50% of these patients.128


Torque may also play a role in the development of spondylolisthesis, especially in the degenerative type. With degeneration the disc loses its ability to resist shear and torsional stresses.18,124 Torsional stress, conveyed to the caudal facet, distorts the lamina-pedicle angle and results in the facet being less able to resist shear. The contralateral facet then has to resist more shear stress and may also become damaged.124 Stress concentration with injury to the pars may occur when torsional forces are applied to the neural arch, and ultimately, ventral subluxation may occur.124


The most widely used classification of spondylolisthesis is that of Wiltse et al.127 Wiltse et al. divide the listhesis types into dysplastic, isthmic, degenerative, traumatic, and pathologic. Degenerative listhesis has a prevalence of 4% to 10%129,130; isthmic, 4%; and dysplastic, 1%.131 Traumatic and pathologic listhesis implies a history of localized trauma or generalized bony disease, which allows forward subluxation to occur.






Dysplastic Spondylolisthesis


Dysplastic spondylolisthesis, which is caused by a congenital defect of the upper sacrum, or the vertebral arch of L5, presents in young children and adolescents.132 It has two subtypes: type A, with the dysplastic articular facets oriented axially, and type B, with dysplastic articular facets oriented sagittally. When the facets are dysplastic, the ability to resist the ventral shear stress is reduced and can result in listhesis. The pars may be initially intact or even remain intact, but in other cases the ventral shear stress results in microfractures of the pars, with subsequent pars elongation. Thus the pars is not the initiator of the listhesis.133 In dysplastic cases with a subluxation of greater than 35%, neurologic and muscular symptoms are likely,132 usually manifested as symptoms of cauda equina or nerve root compression. Paralysis and bowel dysfunction are uncommon. Hamstring tightness and abnormal gait, however, are common.132









Isthmic Spondylolisthesis


In isthmic spondylolisthesis a defect occurs in the pars interarticularis (spondylolysis). Facet orientation is normal. The three subtypes depend on the integrity of the pars and the nature of the injury. In subtype A there is distinct separation of the pars interarticularis, as a result of fatigue fracture, a single traumatic episode, or a combination of both (Fig. 8-9). In subtype B the pars is elongated, actually appearing intact, which is thought to be a result of the healing of stress fractures of the pars. Fibrous nonunion is observed in these defects. This can appear similar to a dysplastic lesion with pars elongation. Subtype C is characterized by an acute fracture of the pars, in addition to fractures elsewhere in the vertebra, which are usually a result of severe trauma.
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FIGURE 8-9 Oblique plain radiographs of the lower lumbar spine. Arrow indicates subtype A spondylolysis (absence of the neck of the Scotty dog).




The severity of spondylolisthesis is described by the Meyerding classification of superior vertebral body subluxation over the adjacent inferior vertebral body. The five grades of subluxation are grade 1 (0–25%), grade 2 (25–50%), grade 3 (50–75%), grade 4 (75–100%), and grade 5 (spondyloptysis, >100%).134,135


Isthmic spondylolisthesis occurs at L5-S1 in approximately 82%, L4-5 in 11%, L3-4 in 0.5%, L2-3 in 0.3%, and in other levels, in approximately 6% of the cases.136 The lesion does not appear in other primates, indicating that upright posture is important. Also, true lumbar lordosis, seen only in the human primate, may be a factor.127


Infant cadaveric dissections have demonstrated that lytic pars defects are not present at birth.137 However, bilateral pars interarticularis defects have been documented in a 4-month-old.138 The most common age for development and diagnosis of isthmic spondylolysis is between the ages of 5 and 7 years.127 In a study of 500 children,139 4.4% of the 6-year-olds and 5.2% of the 12-year-olds had unilateral or bilateral pars defects, whereas the incidence is 6% in adults. It is postulated that with assumption of the upright sitting posture and lordosis of the lumbar spine, subluxation is most likely to develop.127,140 In adolescent cases participation in contact sports may be a significant factor.127


There is also evidence that genetics may play a role in isthmic spondylolisthesis.126,141 White males have an incidence of 6.4%, compared with black women, who have an incidence of 1.1%.136 There is an association between the dysplastic and isthmic lesions and spina bifida occulta and hypoplasia of the sacrum.142 The prevalence of spina bifida occulta of L5 or S1 and lumbosacral defects in one series was found to be 94% for the dysplastic type and 32% for the isthmic type.131 The incidence of the two types of spondylolisthesis has been reported to be increased in first-degree relatives. Thirty-three percent and 15%, respectively, of first-degree relatives of patients with dysplastic and isthmic spondylolisthesis have radiographic evidence of subluxation.131


Although the initial degree of slip in isthmic spondylolisthesis can be marked, progression in adulthood is unusual. Slip is more prone to progress at L4-5 than L5-S1, and may be up to 28% in the teenage years.139 Whether subluxation will progress, however, is difficult to predict. Due to the high prevalence of spondylolysis, spondylolithesis, and low back pain in the general population, it is difficult to attribute low back pain in the individual patient to these anatomic lesions. A subgroup analysis from the Framingham Heart Study found not only a higher prevalence of spondylolysis than previously reported (11.5% vs. 6%), but also found no association of spondylolysis or spondylolithesis with low back pain, which suggests that these lesions are not a major cause of back pain in the general population.143


Treatment of each type of spondylolysis depends on the extent of neural compression and motion segment instability. Decompressive laminectomy, foraminotomies, and internal fixation may be required.









Degenerative Spondylolisthesis


Degenerative spondylolisthesis is more common in women than men,23 with a ratio of 5:1. It is associated with spondylotic changes of the apophyseal joints and disc narrowing. Degeneration of the disc reduces its stiffness and places greater stress on the facets. When subjected to shear forces, subluxation may result without fracture of the pars. Subluxation does not usually exceed 30%.144 Because of the greater inherent stability of L5 and the prevalence of L5 sacralization,136 the L4-5 or L3-4 levels are more frequently affected.145 Stabilization as a result of osteophyte formation usually occurs, and significant progression is rare without destabilizing surgical procedures. Degenerative spondylolisthesis is commonly associated with spinal stenosis and neurogenic claudication caused by lumbosacral radiculopathy. Decompression often relieves symptoms. Fusion with internal fixation may be required in cases with radiographic evidence of instability or severe back pain.











Key References





 Bouchard-Chabot A., Liote F. Cervical spine involvement in rheumatoid arthritis: a review. Joint Bone Spine. 2002;69:141-154.


 Dell’Atti C. The spine in Paget’s disease. Skeletal Radiol. 2007;36:609-626.


 Farfan H.F., Osteria V., Lamy C. The mechanical etiology of spondylolysis and spondylolisthesis. Clin Orthop Relat Res. 1976;8:40-55.


 Katz J.N., Liang M.H. Differential diagnosis and conservative treatment of rheumatoid disorders. In: Frymoyer J.W., editor. The adult spine: principles and practice. Philadelphia: Lippincott-Raven; 1991:699-718.


 Omura K., Hukuda S., Katsuura A., et al. Evaluation of posterior long fusion versus conservative treatment for the progressive rheumatoid cervical spine. Spine (Phila Pa 1976). 2002;27(12):1336-1345.


 Scheuermann H. Kyphosis dorsalis juvenilis. Ugeskr Laeger. 1920;82:385-393.


 Tsuyama N. Ossification of the posterior longitudinal ligament of the spine. Clin Orthop Relat Res. 1984;184:71-84.


 Wiltse L.L., Widell E.H.Jr., Jackson D.W. Fatigue fracture: the basic lesion is isthmic spondylolisthesis. J Bone Joint Surg [Am]. 1975;57:17-22.











References





The complete reference list is available online at expertconsult.com.











References





1. Frymoyer J.W., Moskowitz R.W. Spinal degeneration: pathogenesis and medical management. In: Frymoyer J.W., editor. The adult spine: principles and practice. Philadelphia: Lippincott-Raven; 1991:611-634.


2. Tsuji H., Hirano N., Ohshima H., et al. Structural variation of the anterior and the posterior anulus fibrosus in the development of the human lumbar disc. Spine (Phila Pa 1976). 1993;18:204-210.


3. Taylor J.R., Twomey L.T. The development of the human intervertebral disc. In: Ghosh P., editor. The biology of the intervertebral disc, vol 1. Boca Raton, FL: CRC Press; 1988:39-82.


4. Hukins D.W.L. Disc structure and function. In: Ghosh P., editor. The biology of the intervertebral disc, vol 1. Boca Raton, FL: CRC Press; 1988:1-37.


5. Brinckmann P., Grootenboer H. Change of disc height, radial disc bulge, and intradiscal pressure from discectomy: an in vitro investigation on human lumbar discs. Spine (Phila Pa 1976). 1991;16:641-646.


6. Maroudas A. Nutrition and metabolism of the intervertebral disc. In: Ghosh P., editor. The biology of the intervertebral disc, vol 2. Boca Raton, FL: CRC Press; 1988:1-37.


7. Taylor J.R., Twomey L.T. Human intervertebral disc acid glycosaminoglycans. J Anat. 1992;180:137-141.


8. Gower W.E., Pedrini V. Age-related variations in protein polysaccharides from human nucleus pulposus, annulus fibrosus, and costal cartilage. J Bone Joint Surg (Am). 1969;51:1154-1162.


9. McDevitt C.A. Proteoglycans of the intervertebral disc. In: Ghosh P., editor. The biology of the intervertebral disc, vol 1. Boca Raton, FL: CRC Press; 1988:151-170.


10. Yu S., Haughton V.M., Sether L.A., et al. Criteria for classifying normal and degenerated lumbar intervertebral disks. Radiology. 1989;170:523-526.


11. Osti O.L., Vernon-Roberts B., Fraser R.D. Annulus tears and intervertebral disc degeneration: an experimental study using an animal model. Spine (Phila Pa 1976). 1990;15:762-767.


12. Yasuma T., Koh S., Okamura T., Yamauchi Y. Histological changes in aging lumbar intervertebral discs: their role in protrusions and prolapses. J Bone Joint Surg [Am]. 1990;72:220-229.


13. Yu S., Haughton V.M., Sether L.A., et al. Anulus fibrosus in bulging intervertebral discs. Radiology. 1988;169:761-763.


14. Gordon S.J., Yang K.H., Mayer P.J., et al. Mechanism of disc rupture: a preliminary report. Spine (Phila Pa 1976). 1991;16:450-456.


15. Adams M.A., Hutton W.C. The relevance of torsion to the mechanical derangement of the lumbar spine. Spine (Phila Pa 1976). 1981;6:241-248.


16. Adams M.A., Hutton W.C. Prolapsed intervertebral disc. A hyperflexion injury. 1981 Volvo Award in Basic Science. Spine (Phila Pa 1976). 1982;7:184-191.


17. Adams M.A., Hutton W.C. Gradual disc prolapse. Spine (Phila Pa 1976). 1985;10:524-531.


18. Farfan H.F., Cossette J.W., Robertson G.H., et al. The effects of torsion on the lumbar intervertebral joints: the role of torsion in the production of disc degeneration. J Bone Joint Surg [Am]. 1970;52:468-497.


19. Masaryk T.J., Ross J.S., Modic M.T., et al. High-resolution MR imaging of sequestered lumbar intervertebral disks. Am J Roentgenol. 1988;150:1155-1162.


20. Weinstein J.N., Wiesel S.W. The lumbar spine: the international society for the study of the lumbar spine. Philadelphia: WB Saunders; 1990. pp 394–395


21. Hood R.S. Far lateral lumbar disc herniations. Neurosurg Clin North Am. 1993;4:117-124.


22. Kirkaldy-Willis W.H. Managing low back pain. New York: Churchill Livingstone; 1983.


23. Naylor A. Factors in the development of the spinal stenosis syndrome. J Bone Joint Surg (Br). 1979;61:306-309.


24. Pennal G.F., Schatzker J. Stenosis of the lumbar spinal canal. Clin Neurosurg. 1971;18:86-105.


25. Yamada H., Oya M., Okada T., et al. Intermittent cauda equina compression due to narrow spinal canal. J Neurosurg. 1972;37:83-88.


26. Penning L., Wilmink J.T. Posture-dependent bilateral compression of L4 or L5 nerve roots in facet hypertrophy. A dynamic CT-myelographic study. Spine (Phila Pa 1976). 1987;12:488-500.


27. Hayashi H., Okada K., Hamada M., et al. Etiologic factors of myelopathy. A radiographic evaluation of the aging changes in the cervical spine. Clin Orthop Relat Res. 1987;214:200-209.


28. Zvaifler N.J. Etiology and pathogenesis of rheumatoid arthritis. In: Hoopman W.J., McCarthy D.J., editors. Arthritis and allied conditions, vol 1. Philadelphia: Lea & Febiger; 1993:723-726.


29. Dirheimer Y. The craniovertebral region in chronic inflammatory rheumatic diseases. Berlin: Springer-Verlag; 1977.


30. Resnick D., Niwayama G. Diagnosis of bone and joint disorders. Philadelphia: WB Saunders; 1988. pp 1103–1170


31. Zvaifler N.J. Rheumatoid arthritis: epidemiology, etiology, rheumatoid factor, pathology, pathogenesis. In: Schumacher H.R., editor. Primer on pheumatic disease. Atlanta: Arthritis Foundation, 1988.


32. Martel W. Pathogenesis of cervical discovertebral destruction in rheumatoid arthritis. Arthritis Rheum. 1977;20:1217-1225.


33. Ball J. Enthesopathy of rheumatoid and ankylosing spondylitis. Ann Rheum Dis. 1971;30:213-223.


34. Ecklin U. Die Altersveranderungen der Halswirbelsaule. Berlin: Springer; 1960. pp 17, 28


35. Ansell B.M. The cervical spine in juvenile rheumatoid arthritis (International Congress Series, 61). In: Carter M.E., editor. Radiological Aspects of Rheumatoid Arthritis. Amsterdam: Excerpta Medica, 1964.


36. Halla J.T., Hardin J.G., Vitek J., Alarcon G.S. Involvement of the cervical spine in rheumatoid arthritis, review. Arthritis Rheum. 1989;32:652-659.


37. Zygmunt S., Saveland H., Brattstrom H., et al. Reduction of rheumatoid periodontoid pannus following posterior occipito-cervical fusion visualised by magnetic resonance imaging. Br J Neurosurg. 1988;2:315-320.


38. Katz J.N., Liang M.H. Differential diagnosis and conservative treatment of rheumatoid disorders. In: Frymoyer J.W., editor. The adult spine: principles and practice. Philadelphia: Lippincott-Raven; 1991:699-718.


39. Morizono Y., Sakou T., Kawaida H. Upper cervical involvement in rheumatoid arthritis. Spine (Phila Pa 1976). 1987;12:721-725.


40. Pellicci P.M., Ranawat C.S., Tsairis P., Bryan W.J. A prospective study of the progression of rheumatoid arthritis of the cervical spine. J Bone Joint Surg (Am). 1981;63:342-350.


41. Matsunaga S. Results of a longer than 10-year follow-up of patients with rheumatoid arthritis treated by occipitocervical fusion. Spine (Phila Pa 1976). 2000;25:1749-1753.


42. Komusi T., Munro T., Harth M. Radiologic review: the rheumatoid cervical spine, review. Semin Arthritis Rheum. 1985;14:187-195.


43. Bywaters E.G. Rheumatoid and other diseases of the cervical interspinous bursae, and changes in the spinous processes. Ann Rheum Dis. 1982;41:360-370.


44. Omura K., Hukuda S., Katsuura A., et al. Evaluation of posterior long fusion versus conservative treatment for the progressive rheumatoid cervical spine. Spine (Phila Pa 1976). 2002;27(12):1336-1345.


45. Bouchard-Chabot A., Liote F. Cervical spine involvement in rheumatoid arthritis: A review. Joint Bone Spine. 2002;69:141-154.


46. Shen F.H. Rheumatoid arthritis: evaluation and surgical management of the cervical spine. Spine J. 2004;4:689-700.


47. Wollin D.G., Botterell E.H. Symmetrical forward luxation of the atlas. Am J Roentgenol Radium Ther Nucl Med. 1958;79:575-583.


48. Scheuermann H. Kyphosis dorsalis juvenilis. Ugeskr Laeger. 1920;82:385-393.


49. Bradford D.S., Moe J.H., Montalvo F.J., et al. Scheuermann’s kyphosis and roundback deformity: results of Milwaukee brace treatment. J Bone Joint Surg (Am). 1974;56:749.


50. Sorenson K.H. Scheuermann’s Juvenile kyphosis. Clinical appearances, radiography, aetiology, and prognosis. Copenhagen: Munksgaard; 1964.


51. Bradford D.S. Juvenile kyphosis. Clin Orthop Relat Res. 1977;128:45-55.


52. Scoles P.V., Latimer B.M., DiGiovanni B.F., et al. Vertebral alterations in Scheuermann’s kyphosis. Spine (Phila Pa 1976). 1991;16:509-515.


53. Papagelopoulos P.J., Mavrogenis A.F., Swidou O.D. Current concepts in Scheuermann’s kyphosis. Orthopedics. 2008;31(1):55-58.


54. White A.A., Punjabi M.M., Thomas C.L. The clinical biomechanics of kyphotic deformities. Clin Orthop Relat Res. 1977;128:8-17.


55. Bick E.M., Copel J.W. The ring apophysis of the human vertebra. Contribution to human osteogeny II. J Bone Joint Surg (Am). 1951;33:783-787.


56. Schmorl G. Die Pathogenese der juvenilen Kyphose. Fortschr Geb Rontgen. 1930;41:359-383.


57. Bradford D.S., Brown D.M., Moe J.H., et al. Scheuermann’s kyphosis: a form of osteoporosis? Clin Orthop Relat Res. 1976;118:10-15.


58. Lopez R.A., Burke S.W., Levine D.B., et al. Osteoporosis in Scheuermann’s disease. Spine (Phila Pa 1976). 1988;13:1099-1103.


59. Gilsanz V., Gibbens D.T., Carlson M., et al. Vertebral bone density in Scheuermann disease. J Bone Joint Surg (Am). 1989;71:894-897.


60. Kemp F.H., Wilson D.C. Some factors in the aetiology of osteochondritis of the spine. A report on two families. Br J Radiol. 1947;20:410-417.


61. Ascani E., Borelli P., LaRosa G., et al. Malattia di Scheuermann. I: studio ormonale, progressi in patologia vertebrale. In: Le Cifosi vol 5. Bologna, Italy: Gaggi; 1982.


62. Halal F., Gledhill R.B., Fraser C. Dominant inheritance of Scheuermann’s juvenile kyphosis. Am J Dis Child. 1978;132:1105-1107.


63. Singh M., Riggs B.L., Beabout J.W., et al. Femoral trabecular pattern index for evaluation of spinal osteoporosis. A detailed methodologic description. Mayo Clin Proc. 1973;48:184-189.


64. Simon R.S. The diagnosis and treatment of kyphosis dorsalis juvenilis (Scheuermann’s kyphosis) in the early stage. J Bone Joint Surg. 1942;24:681-683.


65. Kewalramani L.S., Riggins R.S., Fowler W.M.Jr. Scheuermann’s kyphoscoliosis associated with Charcot-Marie-Tooth syndrome. Arch Phys Med Rehab. 1976;57:391-397.


66. Cloward R.B., Bucy P.C. Spinal extradural cyst and kyphosis dorsalis juvenilis. 1937. Surg Neurol. 1993;39(6):469-473.


67. Wise B.L., Fostey J.J. Congenital spinal extradural cyst. J Neurosurg. 1955;12:421-427.


68. Aufdermaur M. Juvenile kyphosis (Scheuermann’s disease): radiography, histology, and pathogenesis. Clin Orthop Rel Res. 1981;154:166-174.


69. Bradford D.S., Moe J.H. Scheuermann’s juvenile kyphosis. A histologic study. Clin Orthop Relat Res. 1975;110:45-53.


70. Travaglini F., Conte M. Progressi in patologia vertebrale. In: Le Cifosi, vol 5. Bologna, Italy: Gaggi; 1982.


71. Sturm P.F., Crawford-Dobson J., Armstrong G.W.D. The surgical treatment of Scheuermann’s disease. Spine (Phila Pa 1976). 1993;18:685-691.


72. Yablon J.S., Kasdon D.L., Levine H. Thoracic cord compression in Scheuermann’s disease. Spine (Phila Pa 1976). 1988;13:896-898.


73. Montgomery S.P., Erwin W.E. Scheuermann’s kyphosis: long-term results of Milwaukee brace treatment. Spine (Phila Pa 1976). 1981;6:5-8.


74. Lonner B.S. Operative management of Scheuermann’s kyphosis in 78 patients. Spine (Phila Pa 1976). 2006;32(24):2644-2652.


75. Hida K., Iwasaki Y., Koyanagi I., Abe H. Bone window computed tomography for detection of dural defect associated with cervical ossified posterior longitudinal ligament. Neurol Med Chir (Tokyo). 1997;37:173-176.


76. Singer F.R., Mills B.G. Primary bone cell dysfunction: I. Paget’s disease of the bone. In: Tam C.S., Heersche J.N.M., editors. Metabolic bone disease: cellular and tissue mechanisms. Boca Raton, FL: CRC Press; 1989:33-47.


77. Meunier P.J. Bone histomorphometry and skeletal distribution of Paget’s disease of bone. Semin Arthritis Rheum. 1994;23:219-221.


78. Douglas D.L., Duckworth T., Kanis J.A., et al. Spinal cord dysfunction in Paget’s disease of bone. Has medical treatment a vascular basis? J Bone Joint Surg (Br). 1981;63:495-503.


79. Dell’Atti C. The spine in Paget’s disease. Skeletal Radiol. 2007;36:609-626.


80. Hadjipavlou A.G. Paget’s Disease of the spine and its management. Eur Spine J. 2001;10(5):370-384.


81. Hadjipavlou A., Lander P. Paget disease of the spine. J Bone Joint Surg. 1991;73A:1376-1381.


82. Mawhinney R., Jones R., Worthington B.S. Spinal cord compression secondary to Paget’s disease of the axis. Br J Radiol. 1985;58:1203-1206.


83. Hartman J.T., Dohn D.F. Paget’s disease of the spine with cord or nerve-root compression. J Bone Joint Surg (Am). 1966;48:1079-1084.


84. Chen J.R., Rhee R.S., Wallach S., et al. Neurologic disturbances in Paget disease of bone: response to calcitonin. Neurology. 1979;29:448-457.


85. Gran J.T. The epidemiology of rheumatoid arthritis. Monogr Allergy. 1987;21:162-196.


86. Blumberg B., Ragan C. The natural history of rheumatoid spondylitis. Medicine. 1956;35:1-31.


87. Cardenosa G., Deluca S.A. Ankylosing spondylosis. Am Fam Physician. 1990;42:147-150.


88. Cooper R.R., Misol S. Tendon and ligament insertion. A light and electron microscopic study, review. J Bone Joint Surg (Am). 1970;52:1-20.


89. Davies D.V., Young L. The distribution of radioactive sulphur (35S) in the fibrous tissues, cartilages, and bones of the rat following its administration in the form of inorganic sulphate. J Anat. 1954;88(Pt 2):174-183.


90. Romanus R. Pelvo-spondylitis ossificans in the male. Stockholm, Aktiebolaget Godvil. 1953.


91. Romanus R., Yden S. Destructive and ossifying spondylitic changes in rheumatoid ankylosing spondylitis. Acta Orthop Scand. 1952;22:88-99.


92. Cruickshank B. Pathology of ankylosing spondylitis. Clin Orthop Relat Res. 1971;74:43-58.


93. Aufdermaur M. The morbid anatomy of ankylosing spondylitis. Doc Rheumatol Geigy No. 2. 1957.


94. Ball J. Articular pathology of ankylosing spondylitis. Clin Orthop Relat Res. 1979;143:30-37.


95. Baker W., Thomas T.G., Kirkaldy-Willis W.H. Changes in the cartilage of the posterior intervertebral joints after anterior fusion. J Bone Joint Surg (Br). 1969;51:736-746.


96. Hanson C.A., Shagrin J.W., Duncan H. Vertebral osteoporosis in ankylosing spondylitis. Clin Orthop Relat Res. 1971;74:59-64.


97. Westerveld L.A., Verlaan J.J. Spinal fractures in patients with ankylosing spinal disorders: a systematic review of the literature on treatment, neurological status and complications. Oner Eur Spine J. 2009;18:145-156.


98. Murray G.C., Persellin R.H. Cervical fracture complicating ankylosing spondylitis: a report of eight cases and review of the literature, review. Am J Med. 1981;70:1033-1041.


99. Hunter T., Dubo H. Spinal fractures complicating ankylosing spondylitis. Ann Intern Med. 1978;88:546-549.


100. Harding J.R., McCall I.W., Park W.M., et al. Fracture of the cervical spine in ankylosing spondylitis. Br J Radiol. 1985;58:3-7.


101. Kewalramani L.S., Taylor R.G., Albrand O.W. Cervical spine injury in patients with ankylosing spondylitis. J Trauma. 1975;15:931-934.


102. Hitchon P.W., From A.M., Brenton M.D., et al. Fractures of the thoracolumbar spine complicating ankylosing spondylitis. J Neurosurg (Spine 2). 2002;97:218-222.


103. Whang P.G., Goldberg G., Lawrence J.P., et al. The management of spinal injuries in patients with ankylosing spondylitis or diffuse idiopathic skeletal hyperostosis: A comparison of treatment methods and clinical outcomes. J Spinal Disord Tech. 2009;22:77-85.


104. Hunter T. The spinal complications of ankylosing spondylitis, review. Semin Arthritis Rheum. 1989;19:172-182.


105. Martel W. The occipito-atlanto-axial joints in rheumatoid arthritis and ankylosing spondylitis. Am J Roentgenol. 1961;86:223-240.


106. Weinstein P.R., Karpman R.R., Gall E.P., et al. Spinal cord injury, spinal fracture, and spinal stenosis in ankylosing spondylitis. J Neurosurg. 1982;57:609-616.


107. Key C.A. On paraplegia depending on disease of the ligaments of the spine. Guys Hosp Rep (Series 1). 1838;3:17-34.


108. Trojan D.A., Pouchot J., Pokrupa R., et al. Diagnosis and treatment of ossification of the posterior longitudinal ligament of the spine: report of eight cases and literature review. Am J Med. 1992;92:296-306.


109. Tsuyama N. Ossification of the posterior longitudinal ligament of the spine. Clin Orthop Relat Res. 1984;184:71-84.


110. Isawa K. Comparative roentgenographical study on the incidence of ossification of the posterior longitudinal ligament and other degenerative changes of the cervical spine among Japanese, Koreans, Americans, and Germans. Nippon Seikeigeka Gakkai Zasshi (Japan). 1980;54:461-474.


111. Firooznia H., Benjamin V.M., Pinto R.S., et al. Calcification and ossification of posterior longitudinal ligament of spine: its role in secondary narrowing of spinal canal and cord compression. NY State J Med. 1982;82:1193-1198.


112. McAfee P.C., Regan J.J., Bohlman H.H. Cervical cord compression from ossification of the posterior longitudinal ligament in non-orientals. J Bone Joint Surg (Br). 1987;69:569-575.


113. Albisinni U., Merlini L., Terayama K., et al. X-ray epidemiology of ligaments, ossifications, and disc degeneration of the cervical spine [Italian]. Chir Degli Organi Movimento. 1985;70:15-22.


114. Epstein N. Diagnosis and surgical management of cervical ossification of the posterior longitudinal ligament. Spine J. 2002;2:436-449.


115. Tanikawa E., Furuya K., Nakajima H. Genetic study on ossification of posterior longitudinal ligament. Bull Tokyo Med Dent Univ. 1986;33:117-128.


116. Resnick D., Guerra J., Robinson C.A., et al. Association of diffuse idiopathic skeletal hyperostosis (DISH) and calcification and ossification of the posterior longitudinal ligament. Am J Roentgenol. 1978;1319:1049-1053.


117. Yasui N., Ono K., Yamaura I., et al. Immunohistochemical localization of types I, II, and III collagens in the ossified posterior longitudinal ligament of the human cervical spine. Calcif Tissue Int. 1983;35:159-163.


118. Sato M., Turn M., Yada K. The antero-posterior diameter of the cervical spinal canal in the ossification of the posterior longitudinal ligament. No Shinkei Geka. 1977;5:511-517.


119. Harsh G.R., Sypert G.W., Weinstein P.R., et al. Cervical spine stenosis secondary to ossification of the posterior longitudinal ligament. J Neurosurg. 1987;67:349-357.


120. Min J.H., Jang J.S., Lee S.H. Significance of the double-layer and single-layer signs in the ossification of the posterior longitudinal ligament of the cervical spine. J Neurosurg Spine. 2007;6:309-312.


121. Troup J.D.G. The etiology of spondylolysis. Orthop Clin North Am. 1977;117:59-67.


122. Hutton W.C., Cyron B.M. Spondylolysis. The role of the posterior elements in resisting the intervertebral compressive force. Acta Orthop Scand. 1978;49:604-609.


123. Adams M.A., Hutton W.C. The effect of posture on the role of the apophyseal joints in resisting intervertebral compressive forces. J Bone Joint Surg (Br). 1980;62:358-362.


124. Farfan H.F., Osteria V., Lamy C. The mechanical etiology of spondylolysis and spondylolisthesis. Clin Orthop Relat Res. 1976;8:40-55.


125. Troup J.D. Mechanical factors in spondylolisthesis and spondylolysis. Clin Orthop Relat Res. 1976;117:59-67.


126. Wiltse L.L., Widell E.H.Jr., Jackson D.W. Fatigue fracture: the basic lesion is isthmic spondylolisthesis. J Bone Joint Surg (Am). 1975;57:17-22.


127. Wiltse L.L., Newman P.H., Macnab I. Classification of spondylolysis and spondylolisthesis. Clin Orthop Relat Res. 1976;117:23-29.


128. Ogilvie J.W., Sherman J. Spondylolysis in Scheuermann’s disease. Spine (Phila Pa 1976). 1987;12:251-253.


129. Farfan H.F. The pathological anatomy of degenerative spondylolisthesis. A cadaver study. Spine (Phila Pa 1976). 1980;5:412-418.


130. Valkenburg H.A., Haanen H.C.M. The epidemiology of low back pain. White A.A., Gordon S.L., editors. The proceedings of the American association of orthopedic surgery symposium on low back pain. 1982:9-22.


131. Wynne-Davies R., Scott J.H.S. Inheritance and spondylolisthesis: a radiographic family survey. J Bone Joint Surg (Br). 1979;61:301-305.


132. Stillerman C.B., Schneider J.H., Gruen J.P. Evaluation and management of spondylolysis and spondylolisthesis. In: Wilkins R.H., Rengachery S.S., editors. Clinical neurosurgery. Baltimore: Williams & Wilkins; 1992:384-415.


133. Macnab I. Backache. Baltimore: Williams & Wilkins; 1990. pp 84–103


134. Ganju A. Isthmic spondylolisthesis. Neurosurg Focus. 13(1), 2002. E1


135. Meyerding H.W. Spondylolisthesis. Surg Gynecol Obstet. 1932;54:371-377.


136. Grobler L.J., Wiltse L.L. Classification, non-operative, and operative treatment of spondylolisthesis. In: Frymoyer J.W., editor. The adult spine: principles and practice. Philadelphia: Lippincott-Raven; 1991:1655-1704.


137. Rowe G.G., Roche M.B. The etiology of separate neural arch. J Bone Joint Surg (Am). 1953;35:102-110.


138. Borkow S.E., Kleiger B. Spondylolisthesis in the newborn. A case report. Clin Orthop Relat Res. 1971;81:73-76.


139. Fredrickson B.E., Baker D., McHolick W.J., et al. The natural history of spondylolysis and spondylolisthesis. J Bone Joint Surg (Am). 1984;66:699-707.


140. Tailard W.F. Etiology of spondylolisthesis. Clin Orthop Relat Res. 1976;117:30-39.


141. Friberg S. Studies on spondylolisthesis. Acta Chir Orthop (suppl 60). 1939.


142. Rothman S.L.G., Glenn W.V. Spondylolysis and spondylolysthesis. In: Post J.D., editor. CT of the lumbar spine. Baltimore: Williams & Wilkins; 1984:591-615.


143. Kalchman L., Kim D.H., Li L., et al. Spondylolytsis and spondylolisthesis: prevalence and association with low back pain in the adult community-based population. Spine (Phila Pa 1976). 2009;34(2):199-205.


144. Newman P.H., Stone K.H. The etiology of spondylolisthesis with a special investigation. J Bone Joint Surg [Br]. 1963;45:39-59.


145. Rosenberg N.J. Degenerative spondylolisthesis. Predisposing factors. J Bone Joint Surg [Am]. 1975;57:467-474.
















Chapter 9 Neural Injury at the Molecular Level




Kevin M. Walsh, Jeffrey P. Mullin, David H. Kim, Alexander R. Vaccaro, Fraser C. Henderson, Edward C. Benzel





The histopathologic appearance of chronic cervical spondylotic myelopathy has been well described and includes the characteristic features of regional demyelination extending axially from the site of compression, preferential lateral column axonal loss, and anterior horn neuron dropout.1-5 Ongoing research projects are creating a better understanding of myelopathy on a molecular level, and recent studies indicate that a significant portion of cell loss appears to be caused by the process of programmed cell death, also known as apoptosis. Although the molecular pathways regulating apoptosis are extremely complex, programmed cell death affects restricted populations of spinal cord cells—including oligodendrocytes and some neuronal and astrocytic subpopulations—suggesting the possibility that targeted antiapoptotic therapy may be a reasonable goal for the treatment or prevention of myelopathy.






Microbiology of the Oligodendrocyte


The oligodendrocyte has been shown to play a pivotal role in several complex biologic processes, including development, injury repair, disease process modulation, and the formation and maintenance of myelin.6,7 During the early stages of human development, a large oligodendroglial population is generated, and an estimated 50% of these cells eventually disappear by the process of apoptosis.8 As the central nervous system matures, the oligodendroglia become responsible for the creation and maintenance of myelin sheaths. These sheaths, although formed directly from oligodendroglial cell membrane, demonstrate key biochemical differences from the parent cell membrane in terms of both chemical and protein composition.9 The biochemical and physiologic characteristics of the relatively small protein constituent are especially important, and absence or alteration of the major protein components (i.e., proteolipid protein or myelin basic protein) can lead to the advent of severe demyelinating disease.10 Another unique feature of the oligodendrocyte is the high concentration of microtubules, which contribute to formation of an elaborate cytoskeletal framework, allowing myelin sheath formation at remote distances from the cell karyon.6


Considerable progress has been made in understanding the response of oligodendroglial cells to injury, and a more complete understanding of this complex process may lead to a greater appreciation of the mechanism of injury in such processes as cervical spondylotic myelopathy. Studies suggest that the oligodendrocyte is particularly sensitive to a wide range of oxidative, chemical, radiation-induced, and mechanical injuries. High iron content and relatively inefficient antioxidant defense mechanisms appear to render the oligodendrocyte vulnerable to oxidative stress.11-14 Injury-related release of intracellular iron may contribute to the generation of damaging hydroxyl radicals through the Fenton reaction.15 In addition, in vitro exposure of mature oligodendrocytes to hydrogen peroxide has been shown to induce apoptotic cell death, but preincubation of these cells with an iron chelator, such as deferoxamine, appears to confer some protection from oxidative cytotoxicity and apoptosis.16,17


Toxins that impair mitochondrial respiration, such as cuprizone and ethidium bromide, have also been shown to trigger apoptosis in oligodendroglial cells. Subsequently, these chemicals have been used to develop experimental models of demyelinating disease and injury. It has been established that radiation exposure directly damages DNA and has been shown to lead to apoptotic cell death in many cell types. However, several studies of delayed neurologic injury after radiation therapy have revealed that oligodendrocytes are the most radiation-sensitive cell population in spinal cord tissue.18,19


In addition to the previously mentioned sources of oligodendrocyte injury, mechanical stress has been repeatedly shown to trigger oligodendrocyte apoptosis. Mechanical injury appears capable of triggering a specific immune response with formation of antibodies and subsequent cytotoxicity directed against oligodendrocyte antigens.20 This immune-mediated injury may be caused by macrophage activity and appears to involve several different cytokines, such as tumor necrosis factor, lymphotoxin, and gamma-interferon.21-24 These activated macrophages also generate free radicals and nitric oxide, which have been shown to lead to apoptosis.25,26 Formation of the membrane attack complex through activation of the complement cascade is another consequence of macrophage activation and has been implicated in oligodendrocyte injury.


In addition to the macrophage, at least two specific subpopulations of T cells may also be involved in oligodendroglial apoptosis. CD4+ T cells adhere to target cells through the Fas receptor identified on oligodendrocyte cells, thereby triggering apoptosis. Gamma-delta T cells have been found to co-localize with oligodendrocytes (expressing heat-shock protein 65), and may trigger cell death through production of gamma-interferon.27









Apoptosis


Apoptosis, also known as “programmed cell death,” may be the primary cellular process underlying the disappearance of oligodendrocytes in the earliest histologic stages of traumatic spinal cord injury (SCI) and other processes such as cervical spondylotic myelopathy. The process of apoptosis is distinct from necrosis and involves a sequence of intracellular events that includes chromatin aggregation and internucleosomal DNA fragmentation, nuclear pyknosis, and subsequent cell shrinkage.28,29 Apoptosis ultimately results in phagocytic engulfment of cells without extracellular discharge of cytosolic contents, and without generation of a local inflammatory response.30


In contrast to necrotic cell death, apoptosis is a much more abbreviated process that has made its study relatively difficult. Apoptotic cells initially shrink and lose contact with adjacent cells, forming membrane blebs and expressing prophagocytic cell surface signals. The cell chromatin then condenses and fragments, and the process ends in compartmentalization of the entire cell into small, membrane-bound vesicles that are quickly phagocytized. By comparison, cell necrosis is a relatively prolonged affair that is characterized by cell membrane disruption, mitochondrial swelling, random DNA cleavage, and the generation of a local inflammatory reaction.31


Several molecular biology assays have been developed for identification of apoptosis in various settings. A marker of DNA cleavage, such as the terminal deoxynucleotidyltransferase (TdT)-mediated nick-end labeling (TUNEL) technique, is a popular assay. Interpretation of studies relying solely on TUNEL staining has been criticized as possibly being limited by the observation that this method has been found to label cells undergoing necrosis as well and may not be as specific for apoptosis as once thought.31 Internucleosomal DNA cleavage, a hallmark of apoptosis, is demonstrated by a characteristic “laddering” pattern on gel electrophoresis, and this finding can reinforce the results of TUNEL staining. The most specific method for identifying apoptotic cells, however, remains direct histologic examination and the identification of chromatin condensation along the nuclear periphery, condensation of the cytoplasm with intact organelles, and membrane blebbing.32 A newly developed commercial assay is also available that uses monoclonal antibody to single-stranded DNA (Apostain; eBioscience, San Diego, CA). This method is purported to detect the earliest stages of apoptosis occurring before DNA fragmentation and supposedly has no cross-reactivity for necrotic cells.33






Molecular Mechanisms of Apoptosis


The molecular pathways involved in apoptosis have been extensively examined, but were initially studied in the roundworm, Caenorhabditis elegans. These studies led to the discovery of one of the first genes associated with apoptosis, which was appropriately named CED 3 in honor of this worm.34 Subsequently, a homologous family of apoptosis-related protein products has been identified in mammals and termed the CED 3/ICE (interleukin-1β-converting enzyme) family.35-37 These proteins, also known as caspases, serve as functional cysteine proteases.38 At least 10 distinct members of this gene family have been identified thus far, and at least 2 of these proteins, caspase-3 and caspase-9, have been strongly associated with apoptosis in human cells.39,40 The intracellular cascade involving caspase-3 ends in activation of specific endonucleases that cleave DNA strands into the characteristic internucleosomal fragments.41 Production of these 185 base-pair fragments results in the DNA laddering that is one of the histologic hallmarks of apoptosis. Activation of caspase-9 appears specifically to induce mitochondrial release of cytochrome c, which is one of the earliest intracellular events in apoptosis.42 Targeted inhibition of caspase-1 (ICE) and caspase-3 (CPP-32) in oligodendrocytes has been shown to prevent apoptotic death of these cells.40


As previously described, numerous chemical and biologic triggers for apoptosis have been identified. Mature oligodendrocytes are particularly sensitive to oxidative stress.11 Experimental exposure of oligodendroglial cells to hydrogen peroxide leads to increased expression and nuclear translocation of transcription factors nuclear factor-κB (NF-κB) and activator protein-1 (AP-1), both implicated as critical elements in the apoptotic pathway.17


One of the most important biologic triggers of oligodendrocyte apoptosis in SCI may be tumor necrosis factor-α (TNF-α). TNF-α has been shown to induce apoptosis in oligodendrocytes, both in vitro and in vivo.43-45 Designated death domains located on the intracellular side of the type I receptor for TNF-α (TNFR1) and related receptors have been associated with activation of caspase-3 and caspase-8, which subsequently leads to apoptosis.40 Gamma-interferon may further enhance susceptibility of oligodendrocytes to TNF-α-triggered apoptosis through up-regulation of the so-called death receptor, Fas.46 It has also been reported that the p38 and Jun N-terminal kinase (JNK) pathways play a role in the transmission of apoptosis signals following SCI. Further findings indicate that activation of JNK by TNF-α promotes expression of apoptosis signal-regulating kinase 1 (ASK1).47


The oligodendrocyte apoptotic signal transduction pathway appears to begin with ligand binding to either Fas (CD95 or Apo1) or p75 (low-affinity neurotrophin receptors) cell surface receptors. These proteins are members of the TNFR family and have been shown to co-localize with cells undergoing apoptosis in a rat model of cervical SCI.32 Binding of Fas ligand (FasL) to the extracellular cysteine-rich domain of Fas results in formation of oligomers, which allows interaction of the intracellular death domain with Fas-associated death domain protein (FADD).48 Once the association is made, the death domain of FADD then interacts with procaspases 8 and 10 and triggers a caspase activation cascade that ultimately ends in activation of at least three different effector enzymes, caspases 3, 6, and 7.32 These effector molecules presumably interact with additional downstream targets, ultimately leading to cell apoptosis.49 FLICE (FADD-like interleukin-1β-converting enzyme) proteins are proteins demonstrating sequence homology with the caspases, but acting as inhibitors of the apoptosis-triggering pathway.50


Another important apoptosis pathway involves the p53 tumor suppressor protein, as well as the proteins p21, Bcl-2, and Bax.51 In a rat model of SCI, p53 protein appeared within 30 minutes of injury, co-localizing with apoptotic glial cells and spreading in distribution over the course of 2 days.51 Cellular studies have further demonstrated that exposure of oligodendroglial cells to hydrogen peroxide leads to rapid translocation of p53 from the cytosol to the nucleus and cell death by apoptosis.52









Apoptosis in Traumatic Spinal Cord Injury


It has been well established that cell loss in traumatic SCI occurs both at the time of injury and secondarily over a period of days to weeks after the event. At the epicenter of injury, the majority of cell death occurs through necrosis, with macrophages and microglia becoming actively engaged in phagocytosis of necrotic cell debris.53 However, cell loss in spinal cord white matter continues throughout a much more extensive axial section of the cord for up to several weeks in a process referred to as secondary injury. Although it has become apparent that this continued cell loss significantly worsens neurologic outcome in SCI, the underlying biologic mechanisms remain poorly understood. Several studies have suggested, however, that the primary process involves oligodendrocyte apoptosis.54-59


Initial evidence that apoptosis contributes to ongoing cell death after acute SCI came from animal studies involving the rat.60 It was demonstrated that acute compressive cord injury leads to preferential apoptosis of oligodendrocytes along degenerating longitudinal white matter tracts.55 These initial findings were subsequently supported by similar results in other animal models, including primates.56 In most of these animal studies, visible signs of oligodendrocyte apoptosis appear within 24 hours and continue for at least 3 weeks after injury.54-57,60-63


A histopathologic study of human SCI indicates that oligodendrocyte cell death by apoptosis can continue from 3 hours to at least 8 weeks after injury.64 In this study, oligodendrocyte apoptosis appeared to correlate with specific patterns of wallerian degeneration and was associated with intracellular activation of caspase-3. Apoptosis was more pronounced in ascending white matter tracts, and the authors speculated that this finding may reflect the histopathologic observation that wallerian degeneration affects ascending tracts before descending ones.65 The extent of oligodendrocyte apoptosis was shown to correlate with the severity of neurologic injury, being significantly less extensive in patients with incomplete neurologic deficits. This correlation of apoptosis and neurologic impairment is in agreement with previous findings from animal studies.57 Of note, neuronal apoptosis was not seen, suggesting that neuronal loss occurs through the process of necrosis.


The biochemical trigger for oligodendrocyte apoptosis related to traumatic SCI is currently unknown but is likely to be multifactorial. It has been observed that SCI is characterized by significant intracellular Ca2+ shifts, and several apoptotic processes are Ca2+ dependent, including DNA fragmentation and proteolysis.66,67 Similarly, acute SCI has been associated with hypoxia and free radical formation, which are also established triggers of apoptosis.68,69 Glutamate excitotoxicity has also been implicated in secondary SCI and appears to lead to apoptotic cell death.70


Animal models have provided most of the information regarding biochemical responses to SCI. A rat model of SCI has demonstrated increased local TNF-α expression within 1 hour of injury, followed by increased nitric oxide levels at 4 hours.71 This model used a neutralizing antibody against TNF-α, and significantly reduced nitric oxide levels as well as the extent of apoptosis. Similarly, addition of a nitric oxide synthase inhibitor, N-monomethyl-l-arginine acetate (L-NMMA) also reduced the number of apoptotic cells. These findings suggest that TNF-α signaling triggers apoptotic cell death after SCI, and that this effect is at least partly mediated by nitric oxide. Of note, the amount of decrease in apoptosis after administration of L-NMMA (42%) was less than half that observed after TNF-α antibody administration (89%), implying the existence of multiple parallel apoptotic pathways. A recent study by Genovese et al. demonstrated the neuroprotective effects of selective adenosine A2A receptor agonists, which act by decreasing the overall expression of myeloperoxidase, NF-κB, and inducible nitric oxide synthase (iNOS), and decreasing the activation of JNK mitogen-activated protein kinase (MAPK) in oligodendrocytes.72 In addition, another recent study found that mice with SCI, when treated with ethyl pyruvate, showed no increase of TNF-α expression and a decrease in oligodendrocyte apoptosis.73


Several studies of development suggest that specific trophic factors are produced by axons and that absence of these factors results in oligodendrocyte apoptosis.74-76 Members of the neuregulin ligand family, in particular the glial growth factor (GGF), bind to the HER4 receptor on the surface of oligodendrocytes and appear to play an important role in cell differentiation and survival.77 Alternatively, the traumatic event may result in direct release of proapoptotic factors into spinal cord tissue. It is well established that activated microglia release several factors that may cause apoptosis, including TNF-α, reactive oxygen intermediates, and nitric oxide.78,79 Administration of exogenous thyroid hormone (triiodothyronine [T3]) during the early period after acute SCI has also been found to increase the population of apoptotic cells.80









Apoptosis in Chronic Spinal Cord Compression


Several studies have suggested an important role for ischemic tissue injury in the pathogenesis of myelopathy in the setting of cervical spondylosis. On the cellular level, the sensitivity of oligodendrocytes to hypoxic injury is well established and appears to support the possibility of an ischemic cause.81 However, neurons are relatively more vulnerable to ischemic injury, and their sparing in early myelopathy makes a purely ischemic cause for cervical spondylotic myelopathy somewhat unlikely.


Although necrosis and apoptosis often occur simultaneously, distinguishing the two processes provides important information regarding the causes of specific disease processes. Although ischemia has been associated with apoptotic cell death, severe ischemia is characteristically thought to result in cell necrosis. Because oligodendrocyte disappearance in both trauma and chronic spondylotic myelopathy is apoptotic in nature, it is thought that mechanisms other than pure ischemia are involved.55


Animal models strongly support a role for apoptotic cell death in the tissue degeneration seen in chronic, compression-related cervical myelopathy. The tiptoe-walking Yoshimura (twy) mouse is a specific strain of inbred mouse that has been useful as a model for chronic spinal cord compression.82 Twy mice become quadriparetic 4 to 8 months after birth because of the development of local hyperostosis along the dorsolateral margins of the C1 and C2 vertebrae, which results in severe cord compression at this level.83 Histologic examination of spinal cord tissue from these mice has revealed a characteristic pattern of descending degeneration affecting the anterior and lateral columns and ascending degeneration along the posterior columns. These findings are in addition to severe tissue damage at the level of compression.84 Cavity formation and myelin ovoids (myelin debris) were observed extending from the zone of compression into adjacent levels without gross deformation of the spinal cord. Detection of apoptotic cells using the TUNEL assay revealed a distribution of glial apoptosis that appeared to mirror the pattern of degeneration, whereas cell-specific staining confirmed that apoptotic cells were oligodendrocytes. The investigators included an autopsy study of a human patient dying with cervical myelopathy resulting from ossification of the posterior longitudinal ligament, in which a pattern of neuronal loss, demyelination, and apoptosis was observed that was similar to the findings in the twy mouse. Further studies of the twy mouse showed increased expression of TNFR1 and TNFR2 in chronically compressed spinal cord tissue, which further elucidates the effect of chronic compression on apoptosis and demyelination.85


Oligodendrocyte survival depends on the presence of specific so-called survival factors produced by neighboring axons, leading to the possibility that oligodendroglial cell loss merely reflects prior neuronal injury. However, oligodendrocyte apoptosis likely precedes axonal degeneration in chronic myelopathy, as evidenced by both human and animal studies of spinal cord compression demonstrating apoptotic oligodendrocytes in the setting of intact demyelinated axons.65,86,87












Prevention of Apoptosis


Oxidative stress has been shown to be a potent trigger for apoptotic death of oligodendrocytes.16 Conversely, antioxidant therapy with pyrrolidine dithiocarbamate (PDTC) and vitamin E appears to moderate this effect considerably.17 The asymmetric distribution of phospholipid polar-head groups across the plasma membrane bilayer may play a role in determining vulnerability to oxidative stress.88 Normally, there is an over-representation of choline phosphoglyceride and sphingomyelin in the outer leaflet, whereas the aminophospholipids, ethanolamine phosphoglyceride (EPG) and serine phosphoglyceride (SPG), are over-represented in the inner leaflet. Apoptosis has been associated with redistribution of SPG and EPG and loss of aminophospholipid asymmetry.89 The large, polyunsaturated, fatty acid content of both SPG and EPG makes them targets for propagating free radical reactions, leading to generation of lipid peroxides and apoptosis.15,90 It therefore makes sense that increasing polyunsaturated fatty acid content through addition of docosahexaenoic acid enhances the sensitivity of oligodendrocytes to oxidative stress and thereby results in increased rates of apoptosis.88 Conversely, reducing EPG synthesis using N-monomethylethanolamine and N,N-dimethylethanolamine (DMEA) supplements appears to rescue cells from apoptotic death.


Methylprednisolone treatment has been shown to protect the spinal cord from injury and has become a standard component of SCI protocols. The protective effect of steroid therapy may be mediated in part by an inhibitory effect on oligodendrocyte apoptosis. Intraperitoneal injection of rats with dexamethasone after SCI significantly decreases the extent of apoptosis in both neurons and glial cells.91 At least part of this effect may be mediated through inhibition of TNF-α and NF-κB.92 A more recent study has also shown some additional benefit to the intraperitoneal administration of pregabalin in a post-SCI rat model.93 Treatment with pregabalin showed a significant decrease in expression of caspase-3, Bcl-2, and p38 MAPK compared with control and methylprednisolone treatment groups. All three of these factors have been shown to be key components of the inflammatory and apoptotic cascades.94-97


The role of TNF-α in oligodendrocyte apoptosis appears complex and at times contradictory. Most studies have demonstrated primarily toxic effects, leading to apoptosis in several different models. This form of TNF-α-induced oligodendrocyte apoptosis can be inhibited in vitro by insulin-like growth factor 1 (IGF-1).45 However, a few studies have suggested that TNF-α may, in certain instances, protect oligodendrocytes from apoptosis.43,98,99


The effects of TNF-α can be better understood through a description of its molecular mechanisms. TNF-α exerts its biologic effects through binding of two different cell surface receptors, the type 1 receptor (TNFR1) and the type 2 receptor (TNFR2).100 TNFR binding has been shown to prevent neuronal apoptosis in several studies.101-103 TNFR binding leads to increased NF-κB expression, and this TNFR-NF-κB signal transduction pathway has been identified as possibly a key endogenous, antiapoptotic cellular mechanism.104-107 NF-κB is a transcription factor that increases expression of several genes, resulting in increased production of cellular inhibitor of apoptosis protein 2 (c-IAP2).108,109 c-IAP2, in turn, inhibits apoptosis through binding TNFR-associated factor 2.


Protein inhibitors of apoptosis have been studied in baculovirus, and homologues to these proteins, referred to as inhibitors of apoptosis proteins (IAPs), have been identified in mammalian cells. IAPs appear to exert antiapoptotic effects through inhibition of the caspase cascade.110-113


Recent evidence suggests that activation of the TNFR-NF-κB pathway is important in protecting spinal cord cells from apoptosis after SCI. In an animal model of SCI, rats lacking TNFR1 demonstrated decreased spinal cord tissue levels of NF-κB activity, lower levels of c-IAP2, and increased caspase-3 activity. Apoptosis was significantly increased, the overall lesion size was larger with more extensive demyelination and axonal disruption, and functional recovery was significantly worsened.114


These studies suggested that pharmacologic modulation of TNF-α levels may yield benefits in patients with myelopathy or SCI. For example, interleukin-10 reduces TNF-α levels in the spinal cord and has been shown to improve functional recovery from SCI in rats.115


Although inflammatory demyelinating disease represents a pathologic process distinct from traumatic injury, the generation of high levels of TNF-α leading to oligodendrocyte apoptosis in both demyelinating disease and SCI implies potentially useful biochemical similarities.116,117 Bcl-2 is a protein with antiapoptotic properties that is produced by certain types of cells, including oligodendrocytes. The activity of Bcl-2 has been studied in a rat model of human T-lymphocyte virus type I (HTLV-I)-associated myeloneuropathy. In this model, rats develop chronic progressive hind-limb weakness because of apoptotic oligodendrocyte death in the spinal cord.118 A recent study using this rat model has associated oligodendrocyte apoptosis with enhanced sensitivity to exogenous TNF-α and an associated down-regulation of Bcl-2 in affected cells.119 It is therefore conceivable that endogenous production of antiapoptotic proteins such as Bcl-2 can be up-regulated therapeutically as a treatment strategy for SCI and cervical myelopathy.55-57,64,79,120-123


In the developing central nervous system, oligodendrocytes appear to be protected from apoptosis by molecular, and possibly electrical, signals provided through axonal contact.124-126 Several studies have demonstrated that exposure to specific cytokines protects oligodendrocytes from apoptosis. IGF-1 prevents TNF-α-triggered apoptosis in cell culture.45 A study of transgenic mice expressing high levels of IGF-1 demonstrated decreased oligodendrocyte death after exposure to the demyelinating toxin cuprizone.127 In addition, fibroblast growth factor triggers oligodendrocyte dedifferentiation and confers protection from apoptosis.128-130


Serum growth factor deprivation has also been shown to lead to apoptosis in cultured oligodendrocytes. This model of apoptosis has been used to study the role of the complement system in apoptosis. Although assembly of the membrane attack complex, C5b-9, on cell membranes typically leads to formation of transmembrane channels and resultant cell death, sublytic levels of C5b-9 complement components activate the cell cycle and enhance cell survival by preventing apoptosis.131,132 This antiapoptotic effect appears to involve down-regulation of the proapoptotic cytosolic protein Bcl-2 antagonist of cell death (BAD).133 Studies suggest that a delicate balance exists between the protective antiapoptotic effects of the membrane-bound Bcl-2 and Bcl-XL proteins and the proapoptotic cytosolic proteins Bcl-2-associated X protein (BAX) and BAD.134 This balance appears to determine functional mitochondrial integrity and, consequently, whether a cell will undergo apoptosis.


Glutamate excitotoxicity represents yet another potential trigger for oligodendrocyte apoptosis.135 Oligodendrocytes express α-amino-3-hydroxy-5-methyl-4-isoxazolpropionic acid (AMPA)/kainite-type glutamate receptors and have been shown to be exquisitely sensitive to glutamate toxicity.136 The specific receptor antagonist 2,3-dihydroxy-6-nitro-7-sulfamyl-benzo(f)quinoxaline (NBQX) has been shown to protect oligodendrocytes from glutamate both in vitro and in vivo.136,137


Finally, the process of apoptosis requires active protein synthesis. Inhibition of protein synthesis in animal models using the chemotherapeutic agent cycloheximide leads to a reduction in apoptotic cell death, less severe histopathologic changes, and improved clinical recovery.57









Biomechanical Deformation as an Epigenetic Factor in Neuronal and Oligodendrocytic Apoptosis


Although the environmental sensitivity of oligodendrocytes has been stressed, it should be remembered that specific stresses will trigger apoptosis in neurons. In particular, biomechanical factors have been shown to be an important epigenetic factor in driving neuronal apoptosis. Stretch-related myelopathy and brainstem injury are substantiated in the literature.138-147 Neuronal strain (stretch) acts on the Na+ channel mechanoreceptors to increase Na+ influx, reverse cation exchange pumps, and depolarize voltage-gated Ca2+ channels, resulting in pathologic calcium influx.148 Sublethally damaged neurons also undergo up-regulation of N-methyl-d-aspartate receptors, resulting in heightened vulnerability to subsequent challenges of reactive oxygen species and peroxynitrites, concomitant mitochondrial dysfunction, and DNA fragmentation.149 Stretching neurons induces early calpain activation and contributes to progressive intra-axonal structural damage and apoptosis of neurons and oligodendrocytes.57,149,150 Stretch injury has been shown to induce phosphorylation of p38 MAPK and apoptosis in vascular, heart, and lung cells.151 The molecular events in neurons and oligodendrocytes should therefore be viewed within the matrix of environmental biomechanical stresses to which the organism is exposed.









Discussion


Identification of apoptosis per se does not provide much insight into the potential causes of specific disorders, including cervical myelopathy. Many sources of injury can result in histologically identical apoptotic cell death, including both mechanical trauma and ischemia.55,152,153 Various studies have identified oligodendrocyte apoptosis in response to axonal injury and after exposure to specific cytokines, as well as due to apparent genetic susceptibility.75,98,154 Adding to the complexity, apoptotic pathways appear to interact with one another in reinforcing relationships. Products of lipid peroxidation-induced cell damage, such as 4-hydroxynonenal (4-HNE), have been shown to enhance extracellular concentrations of glutamate by reducing their uptake, and they also appear capable of inducing apoptosis.58,155


Moreover, devising specific treatment strategies based on an incomplete understanding of the complex molecular mechanisms underlying apoptosis can be potentially hazardous. As previously discussed, several studies have pointed out the opposing effects of TNF-α on oligodendrocyte apoptosis.156,157


Another example of a molecule with potentially activating and inhibiting effects on apoptosis is nitric oxide. The observation that nitric oxide exposure can trigger both apoptotic and necrotic cell death in oligodendrocytes has led to efforts to protect the spinal cord from secondary injury through modulation of nitric oxide levels.26,158,159 However, a neurotoxicant-induced model of demyelination in genetically engineered mice lacking inducible nitric oxide synthase (iNOS) revealed significantly more extensive oligodendrocyte apoptosis after cuprizone exposure, compared with control animals.160 This result suggests a potentially protective effect of nitric oxide in some cases of acute demyelination.


Finally, some investigators warn that attempts to inhibit the wrong molecular events in a cell already committed to apoptosis may merely convert the process to one of necrosis.


Apoptosis is an important determinant of morbidity in cervical spondylotic myelopathy, as well as secondary SCI. Understanding the apoptotic mechanisms involved in these conditions will help to provide insight into potential targets for therapeutic intervention. Recognition that apoptosis plays a principal role in this process has introduced the possibility that the rational design of protease inhibitors active against specific proteins, such as caspase-3, may favorably modulate the response of spinal cord tissue to multiple forms of injury. Nevertheless, the molecular pathways governing apoptosis are extensive and interdependent, and a thorough understanding is absolutely necessary if any attempt at improving myelopathic outcome through modulation of this process is to succeed.
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Cervical spondylotic myelopathy (CSM) is a well-described clinical syndrome that evolves from a combination of etiologic mechanisms. The strong association between a narrowed, spondylotic cervical spinal canal and the development of CSM has previously led to the formulation of a relatively simple pathoanatomic concept: a narrowed spinal canal causes compression of the enclosed cord, leading to local tissue ischemia, injury, and neurologic impairment. However, this simple mechanism fails to explain the spectrum of clinical findings observed in CSM, particularly the development of significant neurologic signs in patients without evidence of static cord compression.


Current support for a biomechanical etiology of CSM comes from three areas: clinical studies of cervical mobility in patients with CSM, histopathologic studies of spinal cord tissue from patients with CSM, and biomechanical studies that have led to an improved understanding of the material properties and biomechanical behavior of spinal cord tissue under various physiologic and pathologic conditions. A growing body of evidence indicates that spondylotic narrowing of the spinal canal results in increased strain and shear forces, and that these pathologic deformative forces cause both diffuse and focal axonal injuries in the spinal cord. This biomechanical theory appears to more fully address the clinical and pathologic findings in various studies of spinal cord injury, and better explains the occurrence of clinical myelopathy in patients without static cord compression.






Clinical Patterns of Cervical Spondylotic Myelopathy


Clinical myelopathy typically appears in late adulthood in the setting of progressive degenerative changes, including cervical disc degeneration, osteophytic spur and transverse bar formation, posterior longitudinal ligament calcification, ligamentum flavum thickening, and osteoarthritic facet hypertrophy.1-3 Progressive encroachment on the spinal canal by ventral and dorsal anatomic structures may first lead to spinal cord compression—compression that occurs only transiently during physiologic cervical range of motion. The appearance of clinical signs and symptoms arising from this condition has been described as “dynamic stenosis.” With progressive narrowing of the spinal canal, dynamic compression may eventually evolve into static compression of the enclosed spinal cord and the appearance of classic CSM.


Retrospective observational studies indicate that development of CSM is more common in patients with underlying congenital stenosis of the spinal canal. A sagittal spinal canal diameter of less than 12 mm is strongly associated with signs and symptoms of myelopathy, whereas a diameter greater than 16 mm confers a low risk.4-8









Histopathology of Cervical Spondylotic Myelopathy


The theory that ischemic injury is the pathophysiologic basis of CSM originates in early histologic studies of cervical myelopathy, which revealed several changes consistent with ischemic tissue damage. These include cystic cavitation, gliosis, anterior horn cell dropout, and prominent involvement of the central gray matter, as well as wallerian degeneration of the posterior columns and corticospinal tracts.2,9-11 In these studies, the most severe histologic changes were observed at the level of ventral spondylotic bars, with the most visible histologic changes occurring in the lateral funiculi of the spinal cord, particularly the corticospinal tracts. The anterior columns and dorsal region of the dorsal columns appeared to demonstrate the least extent of injury-related change.


Attempts have been made to correlate the severity of histopathologic findings with the range of clinical findings in patients with CSM. In general, less severe myelopathy has been associated with changes confined largely to the lateral funiculi, whereas more severe cases appear to be associated with involvement of the medial gray area and ventral aspect of the dorsal columns, as well as gliosis and anterior horn cell dropout. In cases of severe CSM there is extensive wallerian degeneration, proceeding proximally and distally from the site of spinal cord compression.









Spinal Cord Ischemia and Cervical Spondylotic Myelopathy


The anatomic basis for the ischemic insult proposed in CSM has been attributed to various mechanisms, including compression of radicular feeders in the neuroforamina, compromise of venous drainage by ventral spondylotic bars, and compression of the anterior spinal artery, as well as its ventral branches.12,13 Several animal studies support the concept of a potential role for compressive ischemia in the pathogenesis of CSM.14-16


Cadaver studies have demonstrated that flattening of the cervical spinal cord is associated with elongation of the laterally directed terminal branches of the central arteries arising from the anterior spinal artery, as well as elongation of the penetrating branches of the lateral pial plexus (corona radiata). It is hypothesized that attenuation of these transversely directed arteries results in decreased arterial blood flow to the corticospinal tracts. Shortening of the ventral-dorsal dimension of the spinal cord, however, results in widening of the arteries directed in the ventral-dorsal direction and relative preservation of blood flow to the anterior columns. These findings might explain the relative vulnerability to injury of the laterally positioned corticospinal tracts, compared with the anterior columns.17


Recent clinical studies strongly suggest that compression and ischemia alone do not fully explain the pathogenesis of CSM. Despite observational studies associating CSM with various anatomic factors, such as the presence of decreased ventral-dorsal spinal canal diameter, subluxation, and dorsal osteophytes, at least one study has demonstrated that these factors hold no significant predictive value in terms of identifying which patients are at risk for clinical progression of their myelopathy.18 Several other studies have also failed to identify an association between the degree of spinal stenosis and spinal cord compression and clinical prognosis.7,12,19


Moreover, surgical decompression that results in expansion of the spinal canal and relief of compressive pressures does not consistently alter the natural history of CSM.20 Ebersold et al.21 performed a retrospective review of 100 patients with CSM undergoing surgical decompression, with an average 7-year follow-up, and concluded that decompression alone resulted in no clear, long-term improvement. Two thirds of patients experienced initial clinical improvement, but half of these demonstrated subsequent clinical deterioration. At final follow-up, only a third of the original group were improved, leading the authors to conclude that long-term outcome was not predicated on the presence or severity of spinal cord compression and ischemia, but on other, “nonvascular” factors.









Biomechanical Factors and Cervical Spondylotic Myelopathy


There is a growing body of evidence indicating that abnormal or excessive motion of the cervical spine is strongly associated with clinical progression of CSM. In a retrospective clinical review, Adams and Logue12 demonstrated a cervical flexion-extension arc in excess of 40 degrees was the most significant variable in predicting poor clinical outcome in patients with CSM. Similar retrospective studies have been performed by Barnes and Saunders,18 as well as by Yonenobu et al.,19 in which patients with a flexion-extension arc of greater than 60 degrees after laminectomy were at increased risk for development of progressive myelopathy.


In contrast to the relatively poor results after simple decompression for CSM, several studies demonstrate excellent clinical results associated with the elimination of abnormal cervical motion. Using a simple neck brace to restrict cervical motion often leads to improvement in patients with cervical myelopathy from disc protrusions.22 The largest series of patients undergoing ventral decompression and fusion for CSM demonstrated an 86% improvement rate, with no significant deterioration.23 Most recently, Uchida et al.24 discovered that among patients with CSM who had kyphotic deformity in excess of 10 degrees, correction of sagittal alignment of the vertebrae significantly improved neurologic outcomes. Uchida et al. state that “ kyphotic alignment may contribute to cervical myelopathy,” that longitudinal distraction is a factor in progressive spinal cord dysfunction, and that the pathophysiologic mechanism is similar to that of tethered cord syndrome.24 Overall, surgical fusion through a variety of approaches has been associated with favorable clinical results, including ventral decompression and fusion without instrumentation21 or with ventral plating, 25-29 and dorsal decompression with instrumented fusion.30-33


The significant clinical recovery experienced by most myelopathic patients after decompression and fusion indicates that neurologic deficits resulting from cervical myelopathy are recoverable.23,25,26,29-31 Moreover, the rapid improvement experienced by many patients after surgery suggests that these patients do not have irreversible, ischemic histologic changes demonstrated in many early pathologic studies. In contrast, failure of some patients to improve clinically after decompression and fusion may be a result of irreversible spinal cord injury. Histologic examination of spinal cord tissue from these patients may reveal severe ischemic injury.2









Pathophysiology of Deformative Stress Injury of the Cervical Spinal Cord


The significance of spinal stenosis and spinal cord compression in early CSM may not be the generation of local ischemia, but rather the creation of a tethering effect, which results in production of local, potentially injurious, tissue strain and shear forces. The concept that increased cervical mobility, coupled with kyphotic deformity, results in spinal cord elongation and increased axial strain forces is well documented.12,13,17,18,24,34-41 Several studies have demonstrated the adverse effects of even low-grade mechanical stretching on neural tissues. During normal motion, large axial strains occur in the cervical spinal cord.42 The white matter of the spinal cord can be viewed as an axial array of parallel fibers, with individual fibers demonstrating variable levels of crimping. As a whole the cord is initially compliant to stretch, but it becomes progressively stiffer as the fibers straighten and begin to bear tensile load.35 Rapid occurrence of these strains can exceed the material properties of the tissue, leading to tissue disruption and transient or permanent neurologic injury. The degree of injury appears to be related to the peak strain of the tissue and the loading rate.43


Cadaver studies suggest that even physiologic flexion of the cervical spine leads to stretching and the production of strain forces in the neuraxis.17 Flexion of the spinal column has been found to result in significant elongation of the spinal canal, with concomitant stretching of the spinal cord. During physiologic flexion of the head and trunk in rhesus monkeys, net movement of the spinal cord occurs from the upper spine downward to the level of C4-5, whereas net movement of the spinal cord occurs upward below this level.34 Net movement occurs to a greater extent below C4-5, with 1.6 mm of movement at C1 and 6 mm of movement at T3. The amount of spinal cord stretch occurring at each level is proportional to the degree of flexion at the adjacent intervertebral disc space. Thus, forces that are generated in the spinal cord upon flexion can be visualized with neutral and flexion MRIs of the cervical spine. Flexion of the neck results in significant elongation of the enclosed spinal cord (Fig. 10-1). The increase in length (l) over the original length of the same section of the spinal cord (lo) provides the strain (ε), thus:
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FIGURE 10-1 Strain within the cord on regular flexion. A, The red line represents a hypothetical white matter tract measured from the base of the C7 level to the pontomedullary line. B, The same tract is shown in flexion. The indicated portion of the tract increases in length from 94 mm to 116 mm, representing a strain ε of approximately 0.24.
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At the lower cervical and upper thoracic spine, where the amount of flexion tends to be greatest, local spinal cord strain can reach 24%. Thus, the strain produced at the cervicothoracic junction can exceed 0.2, the strain level at which the giant squid axon ceases to function.43 This phenomenon might explain the clinical observation that signs are often localized to levels apparently remote from the level of stenosis (e.g., hand intrinsic muscle wasting with high cervical stenosis).


In the absence of a compressive pathologic process, the natural elongation of the spinal cord that occurs with neck flexion and hyperextension is distributed over the entire length of the spinal cord. However, with tethering of the spinal cord, as a result of local compression, the axial strain cannot be distributed throughout the cord and is instead limited to the segment of cord between the distracting force and the tethering point. Local spinal cord degenerative changes are frequently identified adjacent to thickened dentate ligaments, which suggests that localization of injurious mechanical forces at these levels may be associated with the tethering effect of the ligaments.36,44 A biomechanical study of the material properties of the dura mater indicates that elastic behavior is uniform throughout the length of the spinal canal; however, strain forces are significantly greater in the cervical region than in either the thoracic or lumbar region.45


The tethering action of the dentate ligaments may be responsible for accentuating the effect of tensile spinal cord stress and exacerbating local tissue injury. Moreover, it has been suggested that dorsal displacement of the spinal cord, as a result of the presence of ventral spondylotic bars, may lead to stretching of the dentate ligaments and tethering of the cervical cord through the ventrolaterally positioned nerve root sleeves. Repetitive and persistent microtrauma to these nerve root sleeves may lead to the progressive thickening that has been observed with age.44 Therefore, axial tension generated in the spinal cord during physiologic motion may be amplified at certain levels, as a result of two separate factors—overall spinal canal lengthening and the local tethering effects of the dentate ligaments.


Several investigators have attributed delayed, progressive cervical myelopathy to a combination of underlying structural kyphosis and abnormal or excessive cervical motion.12,13,24,38 Dynamic lengthening of the cervical spinal cord that occurs during neck flexion is magnified in patients with cervical kyphosis. Conversely, kinematic MRI studies have demonstrated that lengthening of the spinal cord also occurs during neck extension in some patients with fixed kyphotic deformity of the cervical spine. In the setting of static spinal cord compression and superimposed instability, cervical extension can also lead to aggravation of the cord impingement and significant upper cervical spinal cord elongation.46









Mathematical Models of Spinal Cord Stretch Injury


Numerous mathematical models for spinal cord stretch injury have been developed. Levine36 represented the spinal cord as a simplified solid material with uniform elastic properties to predict the three-dimensional stresses experienced during physiologic motion and in spondylosis. According to this model, flattening of the cord is not a result of ventral-dorsal compression, but rather the consequence of laterally directed tension arising from the dentate ligaments, which tighten in flexion. This model, with a ventral spondylotic bar and tethering dentate ligaments, predicts maximal stresses in the lateral funiculi. The model provides a possible explanation for the characteristic histologic findings in CSM, in which there is relative sparing of the anterior and posterior funiculi. It also explains why histopathologic changes are found over a relatively extended segment of spinal cord tissue, as opposed to being limited to the point of compression. However, the importance of the dentate ligaments in the etiology of CSM is brought into question by the inconsistent results of sectioning these ligaments at the time of surgery.47


Breig38 also developed a mechanical model to explain some of the apparent inconsistencies found in histologic studies of CSM. For instance, in addressing the question of why some chronic, ventral compression injuries result in predominantly dorsal cord injury, cadaver models demonstrated that a compression force applied ventrally to the spinal cord in the presence of stenosis creates a pincer mechanism, resulting in increased axial tension in the cord and fissuring opposite the side of compression. In this model the spinal cord is represented as a viscoelastic cylinder that, when compressed from the sides, exhibits net tissue creep to the free ends of the cylinder. As a result, tension forces are created perpendicular to the plane of compression. With mild compressive deformation of the spinal cord, elastic stretch of the axis cylinders occurs. However, when the ventral-dorsal diameter of the spinal cord is reduced by 20% to 30%, axial tension forces exceed the material properties of the tissue and result in tearing of axial fibers. The stress field produced by this pincer mechanism is multidirectional, and secondary shearing forces are also created. This model explains how ventral compression of the spinal cord in the presence of stenosis might result in stretch and shear injury to myelin and neural elements.






Finite Element Models of Spinal Cord Stretch Injury


More recently, researchers have produced mathematical models of the cord using finite element analysis, a method adapted from materials science and fluid mechanics. Finite element analysis reduces a continuous structure into discrete, finite “brick” elements. This allows the approximation of partial differential equations by a linear system of ordinary differential equations, which can then be solved by numerical methods with the appropriate boundary conditions.48 In this particular case, the equations concern mechanical strain (stretch), “out of plane” loading (shear due to transverse compression, such as from a retroflexed odontoid process), and material properties such as Young’s modulus of elasticity or Poisson’s ratio. Ichihara et al.40 used finite element analysis to simulate the cervical spinal cord under compression and showed different amounts of stress at a given strain rate were to be expected owing to the differing material properties of gray and white matter. Kato et al.41 showed that the addition of a small amount of flexion to a model with static compression significantly increased predicted stresses, with the majority of stresses in the anterior and posterior horns. Henderson et al.49 demonstrated that increased deformative stresses in the corticospinal tracts, as predicted by the finite element analysis, were strongly correlated with neurologic deficits in a cohort of children with cervical and medullary symptoms. Elevated stress levels due to strain occurred during normal neck flexion in the spinal cord at the C1 level of one patient (MRIs from this patient are shown in Fig. 10-1); the addition of compression (shear) from a retroflexed odontoid process generates much higher stress levels with the same degree of flexion (Fig. 10-2).
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FIGURE 10-2 Finite element analysis of a portion of the cervical spine of the patient whose MRIs are shown in Figure 10-1. A, Sagittal view demonstrating the stresses on flexion. B, Sagittal view demonstrating more severe stresses on addition of local compression due to retroflexed odontoid with same degree of flexion as in A. C, Axial view at C1 of A. D, Axial view at C1 of B.














Spinal Cord Tethering and Shear Injury


Studies involving the tethered spinal cord syndrome may also contribute to a better understanding of the pathogenesis of CSM. Stretch injury is now widely accepted as the principal cause of myelopathy in tethered cord syndrome. The symptoms and clinical findings of pain, numbness, weakness, pes cavus, scoliosis, and bowel and bladder dysfunction have all been attributed to stretching injury of the spinal cord.50-56 The degree or amount of traction on the conus medullaris determines the age of onset of symptoms. Extensive tethering and severe stretching of the conus medullaris results in neurologic disturbances in infancy, whereas a lesser degree of tethering often remains subclinical until adulthood, when symptoms may become manifest in the setting of an acute event (i.e., hyperflexion injury) or chronic process (e.g., development of ventral disc or bone protrusions).57 Although clinical manifestations of tethered cord syndrome are more commonly referable to the lumbosacral spinal cord, many neurologic findings are referable to the cervical cord. For example, long tract involvement in tethered cord syndrome may lead to hand numbness and poor coordination, as well as upper extremity hyper-reflexia and even speech difficulties. Quadriparesis has also been reported.58 The phenomenon of increased strain supports the hypothesis that tension in the spinal cord might be transmitted to the brainstem and remote segments of the cord. Injury to the large-diameter fibers of the corticospinal tracts may occur some distance from actual tethering, and result in mixed upper and lower motor neuron deficits.57


Experimental studies involving the lumbar and sacral spinal cord of cats have demonstrated that acute tethering is very traumatic to spinal cord tissue, particularly when stretching occurs repeatedly.59 Spinal cord elongation is most pronounced immediately adjacent to the point of application of the tethering force. Under low levels of tension the spinal cord demonstrates purely elastic behavior and returns to normal resting length. At greater tension, plastic deformation occurs. Portions of the spinal cord near the point of application of stretch remain elongated by 7% over the original length, even after release of tension.


Tissue dysfunction in tethered cord syndrome has been associated with impairment of oxidative metabolism. The relationship of tissue ischemia to spinal cord stretching in this syndrome is unclear. Although a tethered cord may result in permanent neurologic deficit, the fact that surgical untethering usually results in significant improvement of sensorimotor and bladder function indicates a degree of reversibility that militates against a purely ischemic etiology.


A guinea pig model of spinal cord stretch injury has been developed in which the filum terminale was tethered and attached to a 5-g weight. Tethering resulted in significant delay and decreased amplitude of somatosensory evoked potentials. Lipid peroxidation and hypoxanthine levels were significantly increased. Electron microscopic examination of tissue revealed potentially reversible histologic changes, such as edema, destruction of the gray-white junction, axonal injury with loss of neurofilaments, and evidence of myelin sheath damage.60


Demyelinization of corticospinal tracts in trauma is similar to the demyelinization and edema seen in the posterolateral funiculi of patients with CSM.11,13,61-64 Autopsy studies of patients with rheumatoid arthritis and myelopathy have revealed edema localized to the posterolateral funiculi, as well as axonal retraction balls, suggestive of stretch-related injury without evidence of significant ischemia.37


The finding that tethering of the spinal cord in one region leads to generation of stretch and shear forces remote from the site of tethering or compression is directly applicable to numerous pathologic processes throughout the spine. The spinal cord can be tethered at any level by scarring, external compression, or spinal deformity. Spinal cord deformation over a large disc herniation at the apex of a thoracic kyphosis can contribute to stretch and shear injury remote from the locus of deformation.38 Similarly, deformation of the medullospinal junction over the odontoid process in basilar invagination results in both local and remote neurologic dysfunction (e.g., diplopia, dysphagia, dysarthria, vertigo), as well as sensorimotor deficits.65 Although these effects may also be explained by ischemic injury, local ischemia has not been found.37 Again, correction of medullospinal deformity through surgical removal of the odontoid process or traction/reduction and occipitocervical stabilization typically results in significant clinical recovery.66-68 Disturbances of sleep and alterations in central respiratory function have been attributed to ventral deformity of the upper spinal cord and lower brainstem in basilar invagination, and these disturbances have been reversed by correction of the ventral cervicomedullary deformity.39


The neurologic dysfunction observed in association with an abnormally acute clivo-axial angle (CAA) is the result of deformation and deformative stress injury of the neuraxis. Kim et al.69 determined that an abnormal CAA caused subtle deformity of the upper spinal cord and medulla, resulting in headache, weakness, and sensory changes, as well as brainstem-related symptoms. Kubota et al.70 found that syringomyelia was more likely to resolve after treatment of a Chiari malformation if the CAA was more obtuse and the brainstem therefore straighter. Henderson et al.49 found that normalizing the CAA (increasing the angle to the normal 160 degrees) significantly improved neurologic function in a cohort of children with cervicomedullary syndrome due to an abnormal CAA. There is significant evidence that an abnormally acute CAA is indicative of a specialized form of brainstem tethering, which may produce the pattern of elevated stresses observed throughout the cord in cervical flexion myelopathy and CSM (Fig. 10-3).
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FIGURE 10-3 A, The brainstem and upper spinal cord in the normal individual, with a normal clivo-axial angle (CAA) greater than 150 degrees, shows no strain (ε = 0.0) in a nerve column (shaded) in the dorsal neuraxis. B, The brainstem and upper spinal cord in a patient with an abnormal acute CAA (in this case CAA = 120°) results in lengthening of the brainstem and spinal cord. The nerve column in the posterior neuraxis becomes stretched (ε = 0.2), resulting in neurologic deficits.











Histopathology of Spinal Cord Shear Injury


If neuraxial deformation, abnormal motion, and stretch injury are the primary causes of CSM and similar neurologic syndromes, then the histopathologic manifestations appear to be myelin edema and reactive axonal changes. A form of spinal axonal injury has been observed that is similar to the diffuse axonal injury (DAI) seen in the brain after deceleration injuries.


DAI is the most common brain injury resulting from blunt head trauma, and patient morbidity has been directly associated with the extent of DAI.71,72 Experimental primate models have demonstrated that the location and quantity of axonal changes directly correlate with observed morbidity.73,74 Clinical and pathologic studies have revealed that axonal injury is a component of traumatic brain injury throughout the spectrum of severity, from concussion to severe forms of prolonged coma.75 Despite these histopathologic observations, the pathogenesis of DAI remains unclear. An early hypothesis speculated that tearing of the axon at the time of injury resulted in expulsion of a ball of axoplasm into the brain parenchyma.76,77 However, recent DAI studies have demonstrated that axons undergoing shear strain do not undergo immediate disruption, but rather a nondestructive injury manifests as axonal swelling in internodal regions.78 Axonal stretch at the time of injury results in axolemmal damage, disruption of axon transport and metabolism, and the delayed formation of a retraction ball or reactive axonal swelling.78,79 This focal swelling is thought to be a prestage secondary axotomy.80-83


Studies have demonstrated that traumatic axonal injury results in impairment of anterograde axonal transport. In a guinea pig optic nerve model, 17% of axons demonstrated injury within 15 minutes of an applied stretch injury. The cell body of injured axons retained the ability to incorporate and transport horseradish peroxidase, but local interruption of axonal transport was demonstrated.84 In a separate study, axonal injury was localized to the nodes of Ranvier and manifested as axolemmal blebs, loss of subaxolemmal density, loss of nodal gap substance, and neurofilament disarray.82 Although distended, the axolemma remained intact. These findings suggest the possibility that stretch injury disrupts unidentified structural elements located at the node (i.e., membrane-associated proteins) that associate with the cytoskeleton and maintain nodal architecture. Furthermore, the study investigators speculated that nodal disruption leads to local cytoskeletal collapse and impairment of anterograde transport in a grossly intact axon.82


The cell ultrastructural events proceeding from axonal injury have been well characterized.80 Continued anterograde transport to the site of focal impairment appears to result in localized ballooning of the axon and formation of a reactive axon bulb, or “Strich ball.” Over the ensuing 1 to 3 days, the proximal axon segment containing the axon bulb continues to expand because of persistent anterograde transport and deposition of smooth endoplasmic reticulum and other intracellular organelles. These deposits become dispersed peripherally around an enlarged neurofilamentous core within the axon bulb. With further enlargement of the bulb, thinning of the overlying axolemma and myelin sheath occurs. Eventually, anatomic disconnection occurs between axonal segments proximal and distal to the original site of injury. The overlying myelin sheath is disrupted and then reforms to enclose the axon bulb, while the distal axonal segment undergoes wallerian degeneration. Meanwhile, the proximal axon bulb continues to expand as a result of continued anterograde transport of intracellular contents from the neuronal soma. In rodent studies, by 14 days, most reactive axons degenerate, become electron dense, and are eventually phagocytized by microglia. By contrast, in studies of mild to moderate head trauma in cats, some reactive axons have been observed to undergo a regenerative process, with outgrowth of regenerative sprouts and growth cones.85,86


Axon cytoskeletal collapse and rapid loss of the microtubular network appear to underlie the observed impairment of axoplasmic transport after injury.87 A quantitative analysis of injury-associated changes in the axoskeleton identified evidence of injury throughout the length of the axon: small axons demonstrated compaction of neurofilaments, larger axons demonstrated enlargement of the para-axonal space, compaction of neurofilaments, loss of microtubules, and reduction in axonal caliber. Neurofilaments have been implicated in maintenance of axon caliber, whereas microtubules are thought to provide the mechanism for fast axonal transport. Neurofilament compaction is thought to precede the cytoskeletal disappearance accompanying wallerian degeneration. Collapse of neurofilaments into tightly packed bundles in the center of the axon may precede secondary axotomy in nondisruptive stretch injury of central nerves.88


Injury-associated changes in the axonal cytoskeleton are preceded by alterations in axolemmal permeability. Intra-axonal accumulation of calcium has been demonstrated in focal spinal cord injury.89-92 Recently, increased calcium influx has been demonstrated in axons suffering stretch injury.93 Using a guinea pig optic nerve model, a characteristic sequence of cellular events has been observed to occur over 24 hours. Initially, tensile strain leads to mechanical disruption of the myelin lamellae surrounding the nerve. Presumed loss of activity of the ecto-Ca-ATPase pump at sites of myelin disruption is then thought to allow increased calcium influx into the myelin, possibly mediating myelin dissociation, and increased periaxonal space over several hours. Increased calcium influx into the injured axon results in proteolysis of neurofilaments and dephosphorylation of neurofilament side arms.94 In severe spinal cord injury, calcium-induced neurofilamentous degradation can be detected within 30 minutes.95


Abnormal strains in the spinal cord and brainstem from medullary kinking and basilar invagination result in predictable biomolecular changes: altered conformation of the Na+ mechanoreceptors causes increased intra-axonal Na+, which can be blocked with tetrodotoxin. The increased Na+ results in depolarization of the voltage-gated Ca2+ channels and reversal of the Na+/Ca2+ exchange pumps, with the consequence of abnormal influx of Ca2+ and activation of a deleterious cascade of reactions93,96-98 (Fig. 10-4).
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FIGURE 10-4 Mechanisms of calcium entry into stretch-injured axons. Strain on the axonal membrane opens mechanosensitive sodium channels, leading to an abnormal influx of Na+. Influx of Na+ and resulting depolarization opens voltage-gated calcium channels, leading to a pathologic influx of Ca2+ into the axons.




Although increased calcium influx has been strongly implicated in neurofilamentous degradation by calcium-activated neutral proteases, some investigators question the relationship between calcium influx and the reactive axonal changes seen in stretch-related injury.80 Povlishock80 contends that neurofilamentous disarray is either a direct mechanical effect of trauma on the cytoskeleton or the result of increased neurofilament subunit exchange between stable neurofilaments and a pool of soluble kinetically active subunits.


Although changes in axolemmal permeability and cytoskeletal disruption appear to trigger a cascade of intra-axonal changes in moderate to severe injury, in mild injury reactive axonal changes and retraction balls have been demonstrated in the absence of any change in axolemmal permeability and without evidence of neurofilament or microtubule loss. In these instances it has been speculated that a “focal misalignment” occurs at the time of injury, resulting in impaired axoplasmic flow and delayed axotomy.99 It is conceivable that two different injury patterns exist and that the specific mechanism depends on the severity of tensile strain. In vitro studies have shown that axons under low tensile load undergo disruption of axoplasmic flow without evidence of axolemmal permeability change. High-tensile loading leads to immediate changes in axolemmal permeability and rapid disruption of axoplasmic flow.100


Anatomically, axons appear to be disrupted at sites of maximal tension. Large-caliber axons with a long intra-axial course appear to be more susceptible to tensile injury.57 Reactive changes have been observed in which axons change course, cross blood vessels, and decussate.101









Relationship between Ischemia and Shear Injury


Stretch injury renders axons more susceptible to secondary injury from other processes, including ischemia.101 However, the role of ischemia in stretch-related injury is unclear. Reactive axonal swelling occurs against a histologic background that lacks strong evidence of ischemic change. Microscopic studies have failed to identify correlative changes in microvasculature or ischemia-related changes in the neuronal soma, axonal processes, or dendritic processes.78 Iodoantipyrine studies have revealed no significant changes in regional blood flow.102,103 Moreover, axons undergoing reactive change are frequently found surrounded by intact neurons, without any evidence of ischemia or injury. When axonal injury is observed near the soma, central chromatolysis has been observed but may be secondary to pathologic processes within the axon. The rapid onset of axonal changes weighs heavily against a process originating in the neuronal soma.


The fact that some axons undergo reactive change while immediately adjacent axons appear uninjured is difficult to explain. It is conceivable, as Povlishock80 speculates, that specific differences in axonal anatomy, such as location of intra-axial turns, crossing points, and decussations, may make certain axons uniquely susceptible to injury at specific levels.


In the peripheral nervous system, axonal swelling can be seen in response to various insults (e.g., ischemia, severance, and crushing).80 Caution must be used before assigning a given etiology to the morphologic finding of axonal swelling.









Apoptosis


The pathogenesis of myelopathy is beginning to be investigated on a molecular level. Recent studies suggest that a significant portion of cell loss in chronic compression-related myelopathy is caused by apoptosis.104 The process of apoptosis is biologically distinct from necrosis and refers to a well-defined sequence of intracellular events that are characterized by internucleosomal chromosome fragmentation, membrane blebbing, and phagocytosis, without generation of an inflammatory response.105 In contrast, cell necrosis typically involves random DNA cleavage, membrane disruption, mitochondrial swelling, and local inflammation.106


Although necrosis and apoptosis often occur concurrently, identifying the dominant biologic process can provide important insight into the causes of specific disorders. In the case of CSM, the identification of primarily apoptotic cell death is significant. Although ischemia is one of numerous triggers associated with apoptotic cell death, severe ischemia such as that implied in the pathogenesis of CSM is more characteristically thought to cause cell death through necrosis. Therefore, the fact that oligodendrocyte disappearance in CSM appears to be apoptotic in nature suggests that a mechanism other than pure ischemia is involved.107 A prominent role for apoptosis has already been implicated in the secondary cell loss that occurs after traumatic spinal cord injury.107-111


Cell loss occurs in spinal cord injury, both at the time of injury and secondarily over a period of days to weeks. At the injury epicenter, most cell death occurs through necrosis and leads to active clearance of necrotic cell debris through macrophage and microglial phagocytosis.112 However, white matter cell loss continues through a longer segment of the spinal cord for several weeks in a process called secondary injury. Animal studies have demonstrated that compressive cord injury leads to apoptosis of oligodendrocytes along degenerating white matter tracts.107,109 These studies indicate that apoptosis begins within 24 hours of injury and continues for at least 3 weeks.


Strong evidence for the occurrence of apoptotic cell death in chronic compression-related cervical myelopathy comes from studies of an animal model of chronic compression-related cervical myelopathy, the tiptoe-walking Yoshimura mouse.113 The Yoshimura mouse is an inbred strain that characteristically develops quadriparesis 4 to 8 months after birth because of severe spinal cord compression, a result of hyperostosis along the posterolateral margins of the C1 and C2 vertebrae.114 Histopathologic examination of cord tissue from Yoshimura mice has demonstrated descending degeneration affecting the anterior and lateral columns, ascending degeneration along the posterior columns, as well as severe injury at the level of compression.104 Glial cell apoptosis mirrored the pattern of white column degeneration. Histologic staining using cell type-specific markers confirmed that the apoptotic cells were oligodendrocytes. The study investigators also performed an autopsy of a patient with cervical myelopathy from ossification of the posterior longitudinal ligament, and reported discovering a similar pattern of neuronal loss, demyelination, and apoptosis.


Stretch and strain are major epigenetic factors in trauma. For example, stretch results in the up-regulation of N-methyl-d-aspartate receptors. This renders the neuron more susceptible to ischemic insults and the effects of nitrous oxide and free radical species.115









Summary


The presence of cervical spine mobility, instability, and kyphosis is strongly predictive of clinical progression in patients with CSM. The cervical spinal cord may be subject to abnormal deformative stresses by spondylotic transverse bars, abnormal cervical kyphosis, deformity at the level of the craniocervical junction due to basilar invagination or abnormal CAA, or by remote tethering of the cord. Both proximate and remote tensile and shear forces generate deformative stresses that alter the biomolecular milieu through the Na and Ca channels and disrupt axoplasmic transport through alteration of the intra-axonal architecture, serving to modulate genetic expression to effect, in aggregate, pain and decreased neurologic function.


Strong support for the shear and strain injury theory of CSM pathogenesis comes from several recent developments, including the clinical concept of “dynamic stenosis,” an increased neurobiologic understanding of the pathophysiology of stretch-related myelin and axonal injury, insight into the pathogenesis of spinal cord tethering, histologic studies revealing reactive axonal injury in the spinal cord of patients with CSM, and mathematical and finite element analysis modeling of the neuraxis under conditions of deformative stress.


Axonal injury reproducibly occurs at sites of maximal tensile loading. Mechanical injury to the neuronal axon triggers a well-defined sequence of intracellular and paracellular events. Myelin stretch injury leads to changes in axolemmal permeability. Histologically, cytoskeletal collapse is observed in neural cells in association with alterations in anterograde and retrograde axonal transport. Eventually, delayed axotomy occurs. The stretch and shear model may account for the clinical presentation and recovery potential of milder forms of CSM. Of more importance, a greater understanding of the deleterious effects of stretch and shear on the cervical spinal cord may improve treatment strategies for CSM and other spinal cord injuries.
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Chapter 11 Anatomy of Nerve Root Compression, Nerve Root Tethering, and Spinal Instability




William F. Lavelle, Aaron J. Bianco, Sameer A. Kitab, Edward C. Benzel





The majority of the population will experience spine-related pain at some time in their lives. The greatest component of this pain is low back pain, typically occurring in patients 35 to 55 years of age. Fortunately, the majority of acute back pain is self-limited, with over 90% of patients recovering within 6 weeks. Unfortunately, back pain has a high recurrence rate, with symptoms returning within the year in two thirds of patients. Sciatica-type pain is also common. The majority of sciatic pain is also self-limiting. Certain aspects of lifestyle, such as a lack of physical activity, obesity, and smoking, predispose patients to recurrent episodes of back pain and sciatica.1 Determining the precise causes of these types of pain presents a challenge to spine care physicians. Understanding the pathology of normal spinal degeneration will aid in the diagnosis and treatment of spine-related pain.






Understanding Motion Segments


The spine is composed of three anatomic sections, the cervical, lumbar, and thoracic spine. The majority of spine-related pain involves the lumbar spine because the lumbar spine bears the weight of the entire body. The lumbar spine is the primary focus of this chapter; however, the concepts described may be generalized to a great extent to the cervical and thoracic spine. As discussed in Chapter 5, vertebrae are linked through facet joints on the posterior spinal column. The facet joints are formed between the superior articular processes of one vertebra and the inferior articular processes of the vertebra directly above.


Between each of the vertebrae is a thick, spongy disc made up of various types of cartilage. The anulus fibrosus is the outer ring that forms the border of the disc. It is composed of sheets of collagen fibers that contain the compressible core. The nucleus pulposus forms the center of the disc and resists compressive loads. The nucleus pulposus consists of proteoglycans, hyaluronic acid, and water. Each disc is approximately ¼ to ¾ of an inch thick. Together, these layers form a strong disc, capable of absorbing the shock produced by spinal movement. When weight is put on the spine, the discs compress, and when the weight is lifted the discs return to their original shape and size. When functioning properly, the spine provides eloquent motion as well as structural support and protection for neural elements.









Causes of Back Pain


Subaxial spine pain is often caused by either muscular spasm or a failure of the joints and discs that comprise the complex anatomy of the spine. When examining the causes of isolated back pain in patients who present to a primary care physician, one study found that 4% had a compression fracture, 3% spondylolisthesis, 0.7% a tumor or metastasis of another tumor, 0.3% ankylosing spondylitis, and 0.01% an infection. Therefore, most patients who present with the complaint of low back pain will leave their primary care physician’s office without a definitive diagnosis.2,3 For most of these patients, some form of spinal degenerative change is the likely cause.






Spinal Degeneration


In spinal degeneration, also termed spondylosis, disc degeneration seems to occur first. Changes to the biologic structure of the disc lead to the mechanical failure of that disc. Normally, anulus cells synthesize mostly collagen type I in response to deformation, whereas nucleus cells respond to hydrostatic pressure by synthesizing proteoglycans and fine collagen type II fibrils. Cell density declines during growth and is extremely low in the adult, especially in the nucleus. In adult discs, blood vessels are normally restricted to the outermost layers of the anulus. Metabolite transport is by diffusion, which is important for small molecules, and by bulk fluid flow, which is important for large molecules. Low oxygen tension in the center of a disc leads to anaerobic metabolism, resulting in a high concentration of lactic acid and low pH.4 Chronic lack of oxygen causes nucleus cells to become quiescent, whereas a chronic lack of glucose can kill them. Deficiencies in metabolite transport appear to limit both the density and metabolic activity of disc cells. As a result, discs have only a limited ability to recover from any metabolic or mechanical injury.5 Disc cells synthesize their matrix and break down existing matrix by producing and activating degradative enzymes, including matrix metalloproteinases and “a disintegrin and metalloproteinase” (ADAMs). The proteoglycan content of the disc is primarily responsible for the disc’s ability to act as a compressive buffer. It is maximal in the young adult and declines later in life,6 presumably because of proteolysis. Disc cells appear to adapt the properties of their matrix to suit their environment. With increasing age, the overall proteoglycan and water content of the disc decreases, especially in the nucleus.6 There is a corresponding increase in collagen content, a tendency for fine type II collagen fibrils in the inner anulus to be replaced by type I fibers as the anulus encroaches on the nucleus, and a tendency for type I fibers throughout the disc to become coarser. Loss of proteoglycan fragments from the disc is a slow process owing to the entrapment of the nucleus by the fibrous anulus and the cartilage end plates of the vertebrae.7 Reduced matrix turnover in older discs enables collagen molecules and fibrils to become increasingly cross-linked with each other, and existing cross-links become more stable.5 In addition, reactions between collagen and glucose lead to so-called nonenzymatic glycation, causing even more cross-linking and imparting a yellow color to the aging disc. With increasing age, the hydrostatic nucleus becomes smaller and the proteoglycan content of the nucleus decreases. As such, its ability to hold water and withstand compressive loads declines. The anulus becomes stiffer and ultimately weaker.


Ultimately, aged discs fail to function properly and place additional strains on the facet joints and adjacent spinal motion segments. In the disc itself, the accumulated products of degeneration affect the metabolism of the remaining viable cells. This further hastens disc failure, resulting in changes that may be seen on MRI. These MRI changes include decreased water content, which is visible on T2-weighted images and is termed dark disc disease (Fig. 11-1). The end result of this cascade of failure is disc collapse.5
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FIGURE 11-1 Sagittal MRI showing dark disc disease.


(From Lavelle WF, Carl AL, Lavelle ED, et al: Back pain. In Smith H, editor: Current therapy in pain, Philadelphia, 2009, Saunders Elsevier, pp 167–181.)





Isolated back pain may be due to a variety of forms of disc dysfunction. Pain may occur at any point of degeneration. Crock studied pain related to disc failure and coined the term internal disc derangement in 1970.8 The term was used to describe a large group of patients whose disabling back and leg pain worsened after an operation for suspected disc prolapse. Internal disc derangement was intended to describe a condition marked by alterations in the internal structure and metabolic functions of the disc thought to be attributable to injury or a series of injuries that may even have been subclinical.8 Despite Crock’s attempts to categorize disc failure, no direct and reliable relationship between measurable disc failure and pain has been developed.


As the disc fails, additional degenerative changes to the surrounding spinal structures may also occur. Disc failure is often the first of a series of failures in the spine. It has been hypothesized that disc failure causes the spinal ligaments to buckle and hypertrophy because of exposure to excessive forces, including new torsion forces.1,4 These abnormal forces may cause instability. Facet joint degenerative changes are believed to follow. When pain arises from the facet joints, patients often complain of greater discomfort with spine extension or hyperextension. Once muscles weaken, as is often seen with any form of spinal degeneration, any position can cause discomfort. As the degeneration progresses, further instability and joint hypertrophy may result. Similar to the degenerative changes seen in large appendicular joints such as the knee, significant radiographic degeneration may be seen in patients who have little or no back pain. These degenerative changes may, however, impinge on or stretch the neural elements, causing neuropathic pain.


In the most common scenario, more than one type of degenerative change is responsible for nerve compression. As the nerve roots traverse the spinal canal, they pass through regions adjacent to the facet joints termed the lateral recesses. In this region they may be encroached on by any combination of hypertrophic facet joints, infolded ligamentum flavum, and perhaps bulging disc material. All of these changes result in nerve compression within the spinal canal.


Degenerative changes can also cause nerve root impingement in the neural foramen. The anteroposterior diameter of the foramen may be reduced by bulging disc material anteriorly and hypertrophic facets posteriorly. Foraminal height is reduced merely by the loss of intervertebral disc height. Facet subluxation can further decrease foraminal volume, making the exiting nerve roots in these patients even more susceptible to the compression caused be small amounts of disc bulging or facet hypertrophy.9


The areas of the degenerating spine may fail at different rates, leading to different clinical pictures of back pain, leg pain, or instability. If the anterior disc and ligaments fail at the same rate as the posterior structures, such as the facet joints, anterior subluxation of one vertebra is a possible result. This is termed spondylolisthesis. If failure occurs asymmetrically and there is a rotational or lateral translation, the deformity is termed olisthesis. Degenerative spondylolisthesis is most common at the L4-5 level5 and occurs 6 to 10 times more often here than at any other level. It is more common in women than men and in African Americans than whites.10 The increased motion caused by disc degeneration, combined with decreased shear resistance, allows for the anterior slip. Degenerative spondylolisthesis at the L4-5 level may result in a combination of central stenosis with lateral recess stenosis that compresses the traversing L5 nerve roots. Degenerative spondylolisthesis rarely exceeds 35% translation of the vertebrae.11


The posterior elements of the vertebra may also be disrupted by a stress fracture of an area of the spine called the pars interarticularis. The pars interarticularis is the lateral part of the posterior element that connects the superior and inferior facets (the term literally means “part between the articulations”). Repetitive flexion-extension and rotation lead to microtrauma at this junction and thereby fracture. Studies show that most patients with a spondylolysis or isthmic spondylolisthesis are unlikely to be at risk for increased back pain symptoms.12









Neuropathic Pain in Spinal Degeneration


There are primarily two types of pain that result from degenerative spinal disease: radicular pain and claudicant pain. Radicular pain, or radiculitis, is pain that radiates along a dermatome of a nerve. This may be due to inflammation, pressure, or stretch of the nerve root. Claudicant pain is more difficult for patients to describe. When forced to describe this type of pain, patients may describe it as leg cramping, “aching,” or heaviness that reliably occurs with walking. Claudication is often associated with spinal stenosis. Spinal stenosis is the narrowing of the spinal canal due to any of the causes described previously, including hypertrophy of the ligaments, facets, or discs. This topic is reviewed in detail in a later chapter.


The exact pathophysiology of the mechanisms of radicular and claudicant pain remains elusive. The sequences of neuropathologic changes that result from neurologic compression in the lumbar spinal canal have been investigated in animal studies. Delamarter et al.13 used a dog model in which they created varying degrees of stenosis and demonstrated deleterious effects on the neural elements by increasing the degree of the stenosis. They found that cortical evoked potentials were highly sensitive to this compression and were affected long before any clinical signs occurred. These authors also demonstrated venous congestion and arterial constriction around compressed nerve roots and dorsal root ganglia. The result was blockage of axoplasmic flow, with resulting edema, demyelination, and wallerian degeneration of motor and sensory fibers. Other authors have shown that sensory fibers are more susceptible to pressure and slower to recover than motor fibers,14 which may explain the presence of subjective sensory changes in the absence of objective physical findings. Arnoldi et al.15 suggested that increased venous pressure may explain the symptoms of neurogenic claudication. Others have suggested that narrowing of the spinal canal may lead to a reduction in blood supply to the cauda equina, resulting in ischemic changes from the diffusion of metabolites.16 These changes may stimulate the sinuvertebral nerve or lead to secretion of pain mediators, such as substance P, from the dorsal root ganglion. Perineural inflammation of unknown origin may also result in pain generation.


Most of the literature examining the causes of neurologic pain resulting from spinal pathology attributes compression as the principal cause.17-27 There are, however, instances where patients have persistent neuropathic pain, particularly radicular symptoms, in the absence of imaging studies displaying compressive pathology.












Motion of Neural Elements in the Spine: How Nerve Roots Can Be Stretched


Breig and Marions28 and Breig and Troup29 initially described movements of the nerve root sleeve in relation to a change in posture. They hypothesized that these patterns of movement might be related to changes in the length of the spinal canal during postural changes and motion.


To understand fully the impact of motion on neural elements, a basic understanding of the anatomic relationships of the nerve roots within the functional spinal unit (FSU) or motion segment is required. In the FSU, nerve roots are enclosed in a mobile osteoligamentous space and are exposed to dynamic stretch and compressive strains. This is most often observed in the situation in which nerve roots traverse a particularly long course through the central and lateral recess. Although compression is the mechanism most commonly associated with pain, inflammation as well as nerve root tethering are also possible causes.17,30 Tethering of the nerve root has been shown to be deleterious to nerves in clinical scenarios other than pathologic spinal degeneration, such as scoliosis, spina bifida occulta, and intrathecal spinal tumors.31 Stretch-induced nerve injury is also a well-known complication of lumbosacral spondylolisthesis reduction.32


As described earlier, lumbar nerve roots are enclosed in the lateral recess, a hollow, hemicylindrical recess that traverses mobile FSUs. The lateral recess is bordered laterally by the pedicle, posteriorly by the superior articular facet, and anteriorly by the dorsolateral surface of the vertebral body and the adjacent intervertebral disc (Fig. 11-2).
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FIGURE 11-2 Drawing of the lateral recess, normal anatomy, at the L5 vertebral level. Note that the height of the lateral recess increases in a rostrocaudal direction.


(From Ciric I, Mikhael MA, Tarkington JA, et al: The lateral recess syndrome: a variant of spinal stenosis. J Neurosurg 53:433–443, 1980.)





The unique and often underappreciated characteristic of this anatomic region is that lumbar nerve roots are dynamic neural structures with the ability to move alongside the deforming intervertebral disc and articulating adjacent facet joints. The lateral recess has been defined using a three-zone model,33,34 comprising the entrance zone, midzone, and exit zone. The entrance zone is located medial to and below the superior articular process, with the disc and facet joint forming the anterior and posterior walls, respectively. The midzone is the region through which the nerve root passes beneath the pars level of the lamina. Finally, the exit zone consists of the intervertebral foramen.


The lumbar nerve root may be compressed by or tethered to the surrounding structures primarily in two locations. The first is at the neck of the nerve root sheath as it exits the dural sac and the second is the lateral aspect of the foramen, where the nerve root is attached to both pedicles both rostrally and caudally by the foraminal ligaments (Fig. 11-3).
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FIGURE 11-3 Cadaveric photograph depicting the extraforaminal vertebral transverse ligaments (asterisks) from a ventral-lateral approach. The L4 and L5 nerve roots (L4R, L5R) are tethered by the effect of the ligaments. The angles vary between the exiting nerves and the ligament at each vertebral level. These ligaments are important with regard to the stretch effect at the spinal nerve level.


(From Kitab SA, Miele VJ, Lavelle WF, et al: Pathoanatomic basis for stretch-induced lumbar nerve root injury with a review of the literature. Neurosurgery 65:161–168, 2009.)





These ligaments limit nerve root excursion and increase in size and strength distally in the lumbar spine.35 The foraminal ligaments have been shown to play an organizational and protective function by equalizing stresses on neural structures during movements of the spine and extremities.35-38


Static lateral recess syndrome can be defined anatomically by the fixed, permanent entrapment of neural structures within the lateral recess.19,33,34 When a motion segment has erratic or excessive motion, such as that seen with instability associated with a spondylolisthesis, a dynamic lateral recess syndrome may occur. In the foramen, the exit zone of the lateral recess, the nerve root occupies 30% to 50% of the cross-sectional area. As such, there is ample room for the exiting nerve root. The dorsal root ganglion (DRG) is located just proximal to the origin of the spinal nerve. Its position relative to the foramen can vary considerably. The most common location of the DRG is directly beneath the foramen, except for the S1 DRG, which is usually located in the spinal canal.39 Therefore, if tethering occurs at two points close to the pedicle, nerve root stretch at the area of the DRG may occur. Also, because the DRG cells are the primary sensory neurons that send projections to peripheral and central targets, stretch deformation of the DRG may cause a variety of clinical responses, including pain.


It has also been shown that the more caudal lumbosacral nerve roots traverse a longer path to their extraspinal destination. Thus, the L4, L5, and S1 nerve roots traverse two or more mobile segments. Theoretically, this exposes them to a greater risk of either compression or stretch injury. This may partially explain the higher incidence of pain related to these nerve roots.19,33,34,37






Ventral Olisthesis and Loss of Disc Height


In a ventral olisthesis (translational/rotational deformity) of L4 on L5, the lateral recess of L4 moves forward, along with its neural contents. The L5 nerve root is subject to strain (change in length). The tethering effect of the foraminal ligaments combined with the anterior motion of the lateral recess causes the aforementioned strain. Further, the trefoil shape of the spinal canal is associated with reduced height of the lateral recess, which may increase the strain as well as compression seen at the L5 nerve root (Fig. 11-4).
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FIGURE 11-4 Cadaveric photograph showing compression of the L4 nerve root (L4R), stretch of the L5 nerve root (L5R), and a normal relationship of the S1 nerve root (S1R) to its surrounding structures during ventral olisthesis of the L4 to L5 motion segment.


(From Kitab SA, Miele VJ, Lavelle WF, et al: Pathoanatomic basis for stretch-induced lumbar nerve root injury with a review of the literature. Neurosurgery 65:161–168, 2009.)





Stretch of the lumbar nerve root can be thought of as occurring through either a dynamic or quasistatic process. The nerve root may be subject to out-of-plane loading and shear by the dorsal-rostral L5 vertebral margin consequent to the dynamics of spine flexion. The presence of an osteophyte or disc bulge may add to the stretch effect by tethering the nerve root. In addition, with lateral recess stenosis and reduced disc height, the exiting nerve root may experience compression at the foraminal level by over-riding facets.


Sagittal plane deformity such as focal kyphosis may also play a role in stretch of the lumbar nerve root. In a simulated ventral olisthesis of L4 on L5, a significant and deleterious differential strain is seen on the nerve root (Fig. 11-5). The maximum strain appears to occur at the L5 nerve root. Sagittal plane deformities are also known causes of axial back pain, requiring greater efforts by the paraspinal muscles to maintain an erect posture.
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FIGURE 11-5 Ventral olisthesis with rotation and kyphosis (O+K) of L4 on L5 results in varying strains on intraspinal nerve roots, particularly the L5 nerve root at the site of olisthesis (asterisk).


(From Kitab SA, Miele VJ, Lavelle WF, et al: Pathoanatomic basis for stretch-induced lumbar nerve root injury with a review of the literature. Neurosurgery 65:161–168, 2009.)












Lateral Olisthesis


Lateral olisthesis of L4 on L5 exerts a strain on the extraforaminal portion of the L4 root. This occurs because the entire lateral recess and its neural contents move with the olisthetic segment. Lateral olisthesis also stretches the subjacent L5 root on the side opposite to the olisthesis direction.27 The L5 pedicle on the ipsilateral side of the olisthesis acts as a fulcrum on the intraspinal portion of the subjacent part of the L5 nerve root. An investigation of degenerative scoliotic curves, in which lateral translation is associated with rotation, did not show that neural canal dimension was reduced with this particular deformity.39












Neural, Biomechanical, and Physiologic Considerations of Nerve Stretch


In the previous section we described the pathophysiology of nerve stretch and compression. To understand the development of axonal pathology in response to stretch, the relationship between the applied mechanical forces and the structural and functional response of the axon must be understood.27,40-46 The literature shows that strain rate is a time-dependent viscoelastic behavior that differs with variation in the histologic composition and diameter of the nerve root.46-49 The material properties of nerve roots are influenced by their relative proportions of protein and collagen. Spinal nerve roots contain approximately 20% of the amount of collagen in peripheral nerves and six times more collagen than the spinal cord.43,50,51 Conversely, the DRG is a mechanically and physiologically delicate structure. It has been shown that nerve roots are much less resilient than peripheral nerves, with a strength of only 10% and a stiffness of 20% of those of peripheral nerves.43 This may suggest that stretch through nerve roots in part occurs through dural or epineural tissues. It is thus apparent that the relative “mechanical friability” of nerve roots can be explained by these variations in histology and collagen composition.


Although stretch-induced neural injury of both the central and peripheral nervous system is well described in the literature, little is known regarding the biomechanical-physiologic responses to stretch at the nerve root level in humans.17,25,52-54 Animal models have provided some indirect evidence for the mechanisms of clinically observed pain syndromes. Such studies, however, should be interpreted with caution because the majority of animal models do not precisely reproduce the extent of damage, the biologic milieu, and the time course of axonal injury seen in humans.20,25,36,43-49,55,56


The magnitude of stretch required to cause a nerve root injury that results in pain or electrophysiologic dysfunction remains unknown. Furthermore, there is a paucity of information regarding the specific response of human nerve roots to varying rates of stretch.


The amount of quantitative data available on the mechanical properties of human spinal nerve roots exposed to the low strain rates that occur at unstable FSUs is limited. Kwan et al. reported that human spinal nerve roots had a tensile strength of 0.17 ± 0.59 MPa and an ultimate strain of 15.0% ± 3.5%, at a strain rate 0.17 mm/sec.36 Sunderland and Bradley reported the ranges of maximum tensile stress and load to be 3.9 to 29.4 MPa and 0.2 to 3.3 kg, respectively, in human S3 nerve roots stretched at a rate of 1.27 mm/sec.57


Nerve roots have characteristic viscoelastic material properties that are strain rate dependent and exhibit higher tensile stress at higher strain rates.47-49 In vivo studies of rat L5 dorsal nerve roots subjected to a predetermined strain range (<10%, 10% to 20%, >20%) at a specified displacement rate (0.01 mm/sec and 15 mm/sec) demonstrated a threshold rate of complete nerve conduction loss at strain increases of 16% and 9% for the quasistatic 0.01 mm/sec and dynamic 15 mm/sec strain rates, respectively.47-49 These studies suggest that the modulating effects of excessive loading events (magnitude, rate of application, and duration) on electrophysiologic and possible pain responses may determine the extent of injury.






Basic Science of Chronic Spinal Pain and Stretch-Induced Nerve Root Injury


The actual mechanism by which neural tissue injury causes or contributes to chronic pain syndromes remains speculative. It has previously been suggested that injuries adjacent to the DRG produce pathologic reactions that manifest in differing severities of symptoms and animal behavioral responses.18,20,26,30,32,34,44,55,58-63


Stretch injury to peripheral nerves has been shown to induce local and central changes at the DRG and dorsal horn levels.17,32,54-56 Nerve root injury, on the other hand, may produce more robust, centrally mediated responses than a peripheral nerve injury. It has been suggested that a partial dorsal rhizotomy may activate injury signals in the dorsal root that are primarily transmitted to the central terminals of the spinal cord.18,21,27,39,44,55,58,59 These injury signals are manifested by sensitization of specific nociceptors or a variety of dorsal horn neurons with a short duration of pain persistence.18,47-49


The DRG itself, with its central and peripheral components, may represent the primary focus of stretch deformation during the pathomechanical behavior of a failing FSU. The mechanical deformation of DRG cells is well known to induce alterations in membrane properties that manifest as ectopic discharges and increased excitability. These, in turn, trigger chronic changes in excitability or synaptic plasticity of dorsal horn neurons.20,30,34,40,58,60,61


Although biomechanical and electrophysiologic data suggest a possible role of stretch deformation in painful neural element injury, the precise physiologic mechanism of this remains unclear. Nerve root injury, however, is hypothesized to induce central nervous system sensitization through a mechanism that is modulated by synaptic, neuroimmune, and neuroinflammatory events.24,26,46,58,62 These events mimic synaptic plasticity and remodeling similar to that observed in learning and memory.26









Role of Nerve Root Vascularization and Perfusion


Vascular hypoperfusion is another proposed mechanism for the physiologic and structural changes of neural tissues in response to stretch. Ischemic changes occur in response to an elongation of 15%.49 Histologic changes are also observed between 4% and 50%. Conduction disturbances have been reported at degrees of elongation ranging from 6% to 100%.49


The DRG has an abundant intrinsic vascular supply. The volume of blood flow in the DRG is approximately twice that of the nerve root and is similar to that of the gray matter of the spinal cord. Although the effect of compression on the DRG and nerve root blood flow is well documented in the literature, little is known about the effects of quasistatic or dynamic stretch on the nerve root or DRG venous pressure dynamics, blood flow, or blood-neural barrier function.24












Conclusion


Spinal degeneration is a common cause of axial back pain, radiating extremity pain, and claudicant pain. There are complex anatomic relationships between spinal nerve roots and their surrounding environment of osteoligamentous structures. In a typical scenario, disc degeneration occurs first through disc desiccation and collapse. Disc regeneration is often followed by failure of the dorsal spinal structures. All of these degenerative changes may be responsible for back pain or neuropathic spinal pain. Nerve roots also have a limited ability for excursion secondary to the dural and foraminal ligamentous structures that provide a tethering force during lower limb function and spinal range of motion. The stretch effect, however, is more dynamically driven and thus may not be easily delineated by current neuroradiologic studies in patients with neuralgic pain. Little is known of the immediate events during and after dynamic nerve root deformation and the differential responses of the various root components (i.e., the DRG itself or its central and peripheral radiations).


Spine care physicians must “think three-dimensionally” and consider all possible sources of nerve compression, nerve irritation, and stretch when planning treatment for pain attributable to the nerve root level. Spinal and paraspinal tissues, such as the intervertebral disc, the facet capsules, ligaments, and muscles, are all potential contributors to mechanical stretch deformation. Such a model will provide new insight into the prevention and management of spinal pain syndromes.
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Chapter 12 Physical and Neurologic Examination




Chandan Krishna, Andrew D. Livingston, Paul J. Holman, Edward C. Benzel





Recent advances in medical technologies and changes in health care systems have dramatically altered the practice of medicine and the physician-patient relationship. One consequence of these changes, unfortunately, is that the physical examination is no longer the focus of many physician-patient encounters and is often overlooked when important clinical decisions are made. In the field of spinal surgery, the widespread availability of neuroimaging of the spinal column and modern health care policies regulating coverage of elective surgery are two factors that have contributed to this change. Patients who are often referred for their initial consultation with their MRI “in hand” worry more about the radiologist’s interpretation of the scan than their symptoms. In many instances, patients are required to consult with multiple surgeons and receive conflicting recommendations regarding the appropriateness of surgical treatment. In this environment, it is essential for the surgeon to place a priority on the fundamentals of history taking and the neurologic examination to establish good rapport with patients and guide them in choosing the best therapy.






History Taking


A surgeon’s ability to efficiently obtain a thorough history is the cornerstone of treating patients with spinal disorders. The foundation of good history taking lies in being a good listener. Communicating a genuine interest in the patient and a willingness to offer both surgical and nonsurgical treatment are of paramount importance. This is true in both straightforward and complicated patients (such as those suffering from chronic pain syndromes). Using simple, open-ended questions early in the interview allows patients to articulate their perception of the problem and helps the physician identify treatment goals. The physician can then ask a patient more focused questions to obtain the necessary information to formulate a preliminary differential diagnosis. For example, asking the patient to point to the area of maximum pain and to trace the pattern of their pain or paresthesia often yields valuable diagnostic information.


Careful review of the patient’s past medical history is important to uncover conditions with symptoms commonly seen in patients with spinal pathology. Diabetes, peripheral vascular disease, inflammatory arthropathies, and neoplastic disorders are common examples. Any history of trauma involving the spine and related surgical procedures should be noted, in addition to injuries involving the shoulder, hip, and long bones. Unrecognized compression neuropathies secondary to casting, for example, can subsequently be confused with radiculopathy. Retroperitoneal hematoma may present as a femoral or an upper lumbar radiculopathy.1 It is also important to inquire about a history of any psychiatric disorders and pain syndromes associated with joints, muscles, or connective tissues. Fibromyalgia and reflex sympathetic dystrophy can alter perioperative pain management and may require additional attention. Inquiry about smoking history is also important because smoking has been demonstrated to increase the incidence of pseudarthrosis compared with nonsmoking.2


Taking a good history regarding pain associated with spinal disorders deserves special attention. Radicular pain tends to be constant but may be exacerbated by movement or Valsalva maneuvers. The pain occurs in the distribution of the affected nerve root and may have dysesthetic qualities. Mechanical back pain resulting from degenerative disc disease, spondylotic changes of the facets, or gross instability from trauma or cancer tends to be worse with movement and relieved with rest. The pain associated with neurogenic pseudoclaudication is typically an aching or cramping pain in the buttocks, thighs, or legs that becomes worse with standing and walking short distances and is relieved with bending, sitting, or reclining. Pain or paresthesia in the hands that awakens the patient at night and is relieved by shaking the hand is a red flag for nerve entrapment. Pain or paresthesia radiating to the upper extremities that is associated with medial scapular pain is more likely to be radicular in origin.


It is noteworthy that not all patients in neurosurgical consultation have neurologic disease processes. Other etiologies mimicking neurologic syndromes must be considered.









General Physical Examination


Although a comprehensive general physical examination may not be feasible in every patient, details gathered from the patient’s medical history serve as a guide to performing an examination of other organ systems. Basic vital signs should be recorded in most patients. Hypertension and atrial fibrillation are two examples of disorders easily identified by physical examination that could significantly affect diagnosis and operative risk in a patient with transient cerebral ischemia. Auscultation of the lungs and palpation of the abdomen are essential in the setting of metastatic spine disease. Emphysema, chronic obstructive pulmonary disease, pleural effusion, extensive atelectasis, and ascites have an impact on anesthetic risk and may influence patient positioning and surgical approach. Gallbladder disease may refer pain to the back or scapula and may be mistaken for cervical radiculopathy. Nephrolithiasis or ureterolithiasis is often mistaken for a lumbar radiculopathy and may be screened for by gentle percussion over the lumbar paraspinal musculature. Examination of peripheral pulses and distal skin integrity is important in patients with diabetes and possible vascular claudication.









Components of the Neurologic Examination


After completing the relevant portions of the general examination, the neurologic examination is performed. The surgeon may choose to focus the examination on a particular spinal region, but patients often complain of symptoms referable to both the cervical and thoracolumbar spine, particularly those with extensive spondylosis. A comprehensive examination may also be beneficial, for example, by uncovering signs of cervical myelopathy in a patient who needs lumbar decompression and may be at risk for neurologic deterioration during positioning or intubation. Evaluation of cranial nerve function should be included in patients with bulbar symptoms or with coexisting head and spinal trauma. A comprehensive examination should include (1) generalized inspection of the patient, emphasizing cutaneous features, posture, and gait analysis; (2) inspection and palpation of the entire spinal column, with range of motion (ROM) testing of both the spine and joints of affected extremities; (3) sensory and motor evaluation; (4) an assessment of normal and pathologic reflexes; and (5) provocative nerve root testing if previous examination has raised the suspicion of radiculopathy. The order in which these modalities are tested is dictated by surgeon preference, but minimizing patient movement and reserving maneuvers that may cause pain for the end of the examination are important considerations.






Inspection


A generalized inspection of the patient with emphasis on cutaneous features, posture, and gait is carried out as the patient first appears for evaluation and the history is reviewed.






Cutaneous Abnormalities


The skin should be inspected for café au lait spots and other sequelae of neurofibromatosis, in addition to scars from old trauma or prior surgery. The dorsal midline skin should be carefully inspected for a sinus tract, dimpling, abnormal pigmentation, fatty masses, and tufts of hair, all of which could signal an underlying congenital spinal anomaly. In patients with symptoms of claudication, the peripheral pulses are palpated and the skin of the distal extremities is inspected for edema, skin ulceration, loss of hair, and other signs of peripheral vascular disease.









Posture


Inspection of the spinal column as a single unit should be performed from both a lateral and posterior viewpoint in standing and forward bending positions. Abnormalities in spinal balance in both the sagittal and coronal planes can be pathologic and have important implications when considering surgical deformity correction. Asymmetry of paravertebral muscles, spinous processes, skin creases, shoulders, scapulae, and hips may be appreciated in patients with scoliosis.3 Coronal imbalance can be assessed clinically by examining the standing patient from behind and measuring the distance between a plumb line dropped from C7 and the gluteal cleft. Sagittal imbalance may be implied when a patient stoops forward when walking or sitting. It is best determined by a plumb line from C7 to the sacrum on lateral radiographs.4 A compensatory forward rocking of the pelvis and flexion of the knees while standing may be seen in severe cases. The recognition of sagittal imbalance is paramount to precise surgical planning, especially when planning for deformity correction.









Gait Analysis


Examination of a patient’s gait is an invaluable component of the neurologic examination. Watching patients walk as they appear for consultation, even before formal testing begins, can be of diagnostic value.






Alterations of Gait Associated with Cord Compression


A wide-based, unsteady gait is frequently seen in myelopathic patients and can be accentuated by evaluating tandem walk. Unfortunately, a wide-based gait is not specific for myelopathy and is common in patients with cerebellar pathology, decreased proprioception resulting from peripheral neuropathy, and conditions affecting posterior column function, such as tabes dorsalis, vitamin B12 deficiency, and spinocerebellar ataxias. A spastic gait can be seen in patients with stroke or in those with an old cord injury and is manifested by circumduction of a hemiplegic leg or “scissoring” of the legs in a paraparetic patient. The diagnosis of Parkinson’s disease should always be kept in mind when patients referred for possible myelopathy display a shuffling gait (festination) with either forward (propulsion) or backward (retropulsion) walking.









Other Characteristic Gaits


Patients suffering from compression of neural elements of the lumbosacral spine often show characteristics of “antalgic gait.” This term is somewhat nonspecific but involves alteration of the movement of the affected extremity in an attempt to silence the pain generator. Lumbar radiculopathy associated with weakness of several different muscles can alter gait. Weakness of ankle dorsiflexors and foot drop may cause a patient to walk with a “steppage gait.” To clear the ground while the patient pushes off, the hip is flexed excessively and the foot may slap the ground. Weakness of gluteus medius (L5) hip abduction or gluteus maximus (S1) hip extension may cause the patient to rock the thorax, or “waddle,” to compensate for poor hip fixation. Patients with advanced lumbar stenosis and neurogenic claudication tend to walk in a flexed-forward position, commonly referred to as the “anthropoid posture.” The spinal surgeon should keep psychiatric disorders on his or her list of differential diagnoses when assessing gait. Gait and posture disturbances are the presenting symptom in up to 10% of patients with psychogenic disorders such as anxiety and depression.5















Palpation and Range of Motion Testing of the Spine and Related Areas


Formal palpation and ROM testing of the spinal column, shoulders, hips, and pelvis are also included in a comprehensive examination. The spinous processes of the entire vertebral column are palpated and assessed for tenderness and associated paravertebral muscle spasm. Splaying of adjacent spinous processes or a palpable stepoff may indicate spondylolisthesis. Patients with fibromyalgia and related disorders frequently complain of pain exacerbated by stimulation of multiple trigger points. Axial rotation, flexion, extension, and lateral bending are assessed for each region of the spine.






Cervical Spine


In the cervical spine, the resting head position is noted before evaluation of ROM. A patient with a fixed rotation or tilt to one side may have an underlying unilateral facet dislocation. Although precise quantitative evaluation of ROM is not typically performed, the clinician should note obvious limitations and which maneuvers generate pain. Pain or restricted rotation of the head, 50% of which occurs at C1-2, 6 may indicate a pathologic process at this level. Head rotation associated with vertigo, tinnitus, visual alterations, or facial pain may be nonspecific, but occlusion of the vertebral artery should be included in the differential. Selecki7 showed that rotation of the head more than 45 degrees could significantly kink the contralateral vertebral artery. Extension and rotation of the head can exacerbate pre-existing nerve root compression, and flexion in the setting of cord compression often causes paresthesia in both the arms and legs (Lhermitte sign).









Thoracic Spine


Examination of the thoracic spine should focus on the detection of scoliosis or a kyphotic deformity. The patient is observed from behind for symmetry in the level of the shoulders, scapulae, and hips. If a scoliotic deformity is noticed on inspection, flexion and lateral bending are assessed to further characterize the curve and determine its flexibility. Asymmetry in the paravertebral musculature with forward flexion can generate an angle in the horizontal plane that can be followed for progression. In the upper thoracic spine, there are 4 degrees of sagittal plane rotation, 6 degrees of lateral bending, and 8 to 9 degrees of axial rotation at each segment. In the lower two to three segments, these median figures are 12 degrees, 8 to 9 degrees, and 2 degrees, respectively.6









Lumbar Spine and Related Areas


Palpation should include not only the spinous processes and paravertebral muscles but the greater trochanter, the ischial tuberosity, and the sciatic nerve itself. The greater trochanter is palpated for focal tenderness when the patient’s chief complaint includes thigh discomfort. The bursa is usually not palpable unless it is boggy and inflamed. Acute trochanteric bursitis is included in the primary differential diagnosis of lumbar radiculopathy and can also be a chronic secondary pain generator. The sciatic nerve can be palpated at the midpoint between the greater trochanter and ischial tuberosity, when the patient’s hip is maximally flexed. Tenderness can occur with peripheral nerve compression by a tumor or an enlarged piriformis muscle or when the contributing roots are compressed in the spine.


The most important aspect of ROM testing in the lumbar spine is flexion-extension. A simple clinical test is to ask the patient to bend forward with the knees fully extended, and measure the distance from the patient’s fingertips to the floor. Patients with facet arthropathy or spondylolisthesis often have back pain that is exacerbated by extension. Lateral bending and axial rotation are strongly coupled in the lumbar spine and more restricted because of sagittal facet orientation. It is critical to exclude the hip as a potential pain generator in the evaluation of possible lumbar spine disease. The Patrick or FABERE test is used to detect pathology in the hip or sacroiliac (SI) joint. The patient is tested in the supine position and the extremity in question is flexed, abducted, and externally rotated at the hip. This can be accomplished by asking the patient to place the lateral aspect of the foot on the involved side on the opposite shin. Pain with this maneuver is likely from the hip joint. Pain from the SI joint itself is suspected when simultaneous downward pressure on the flexed knee and the opposite anterior superior iliac spine increases symptoms. The SI joint can also be tested as a pain generator by performing the pelvic rock test. The examiner places both hands around the iliac crest with the thumbs on the anterior superior iliac spine and compresses medially.












Motor Examination


Muscle weakness is frequently seen in patients suffering from compression of specific nerve roots or the spinal cord itself. Weakness may be the patient’s primary symptom or discovered only after physical examination. Motor deficits may be acute and rapidly progressive (i.e., after traumatic disc herniation) or more insidious in onset, similar to the setting of cervical myelopathy. A detailed motor examination and muscle grading (Table 12-1) of the key muscles innervated by the cervical and lumbar nerve roots should be performed in every patient. Evaluating strength systematically allows the clinician to identify common patterns of muscle weakness seen in cord compression and brachial plexus syndromes and reduces the likelihood of missing nonsurgical pathology.


TABLE 12-1 Grading of Motor Function






	Grade

	Description






	0

	No palpable/visible contraction






	1

	Muscle flicker






	2

	Movement with gravity eliminated






	3

	Movement against gravity with full range of motion






	4

	Movement against gravity and some resistance






	5

	Movement against full resistance











Cervical Spine


Figure 12-1 and Table 12-2 summarize the motor tests used to grade muscle strength for the cervical nerve roots that contribute to motor function of the upper extremity. It is important to remember that the configuration of the brachial plexus (prefixed or postfixed) can alter the typical pattern of innervation by one level. The anatomic relationship of the cervical vertebrae and motor roots must be kept in mind when attempting to correlate motor deficits to nerve root compression seen on an MRI or myelogram. A C5-6 disc herniation, for example, typically compresses the origin of the C6 root before it exits the neural foramen above the C6 pedicle. It has recently been demonstrated that forearm pronation weakness is the most frequent motor abnormality in C6 radiculopathy.8 Such evidence illustrates the necessity of a detailed motor examination.





[image: image]

FIGURE 12-1 Examination of the cervical spine.






TABLE 12-2 Clinical Examination for Cervical Radiculopathy
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Lumbar Spine


Figure 12-2 and Table 12-3 summarize the motor tests used to grade muscle strength for the lumbar nerve roots commonly affected in clinical practice. Again, correlating clinical findings with radiographic abnormalities is imperative. With a typical paracentral L4-5 disc herniation, for example, the root of origin (L5) is compressed as it courses toward the undersurface of the L5 pedicle. A far lateral disc herniation at the same level may compress the root of exit (L4). Detecting motor deficits in the lower extremity, particularly in a large, muscular patient, can occasionally be difficult. Testing the patient’s ability to heel (tibialis anterior) and toe (gastrocnemius) walk, maneuvers that require a patient to overcome body weight, can uncover a subtle weakness.
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FIGURE 12-2 Examination of the lumbar spine.






TABLE 12-3 Clinical Examination for Lumbar Radiculopathy
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Sensory Examination


The key sensory dermatomes of the upper and lower extremities are depicted in Figures 12-1 and 12-2. The nipple line (T4) and umbilicus (T10) are useful thoracic landmarks. It is emphasized, however, that these landmarks are variable. Of particular note is that the T2 dermatome may be as low as the nipple line, and that it demarcates the C4 to T2 dermatome junction. The clinician should always compare dermatomes from one side with the other and ask the patient to quantify differences. Both light touch and pain perception should be tested, and proprioception and vibratory sense should be included in patients suspected of having cord compression, peripheral nerve entrapment, or sensory neuropathy. The sensory examination is particularly critical in the evaluation of the spinal cord-injured patient to determine the level of injury and to monitor for a progressing deficit. A rectal examination should usually be performed to assess for sphincter tone and perianal dermatomes. Preservation of perianal sensation in the presence of a discrete sensory level defines an incomplete lesion and may dramatically affect management and prognosis for recovery. Special mention should be made here of provocative sensory tests for nerve entrapment syndromes that can occasionally be confused with cervical radiculopathy. Median nerve compression (C6) in the carpal tunnel, ulnar nerve entrapment (C8) in the cubital tunnel or Guyon canal, and radial nerve compression (C7) in the forearm are important differential diagnoses and occasionally coexist with root compression in the neck, the “double crush phenomenon.”9 Tapping on the nerve proximal to the site of compression can reproduce symptoms (Tinel sign) in the middle course of nerve root compression while the nerve is attempting to regenerate. Sustained wrist flexion over 60 seconds can produce signs of median nerve compression (Phalen sign), and similar testing can be done by flexing the elbow (ulnar nerve compression) or pronating the forearm (radial nerve compression).









Reflex Examination


The neurologic examination also includes an evaluation of the deep tendon (stretch) and superficial reflexes.






Deep Tendon Reflexes


The deep tendon reflexes are used to assess the integrity of a monosynaptic reflex arc at various levels of the cord. Table 12-4 depicts the common system for grading deep tendon reflexes. Hyperactive reflexes generally indicate an upper motor neuron lesion, and diminished or absent reflexes can be seen in lower motor neuron lesions. Metabolic abnormalities, such as hypothyroidism or hyperthyroidism, should always be excluded as an etiology for abnormal reflexes. Neuromuscular disorders and neuropathies may also present with abnormal reflexes. Reflexes are compared from one side to another, and reinforcement maneuvers that require isometric contraction of other muscle groups can be used to eliminate cortical modulation of the reflex arc. The Jendrassik maneuver can accentuate lower extremity reflexes and requires the patient to pull interlocked fingers apart while the reflex is tested. Asking the patient to clench the teeth or push down on the examination table with the thighs can accentuate upper extremity reflexes.


TABLE 12-4 Grading of Deep Tendon Reflexes






	Grade

	Description






	0

	No response






	1

	Diminished






	2

	Normal






	3

	Increased






	4

	Hyperactive (with clonus)







One uncommonly practiced reflex is the finger jerk or finger-thumb reflex. Mediated by mainly the C8 nerve root, it is elicited with patient’s palm upturned and the fingers half-flexed. The surgeon then holds the tops of the fingers with his or her own half-flexed fingers, which are then tapped. The patient’s fingers will be felt to flex and, most strikingly, the free thumb will be seen to flex.10 Although the commonly tested reflexes are truly mediated by multiple nerve roots, Tables 12-2 and 12-3 outline the dominant nerve roots involved.









Superficial Reflexes


The superficial reflexes are mediated by the cerebral cortex with the afferent limb being supplied by cutaneous stimulation. The absence of a normal cutaneous reflex may signal an underlying upper motor neuron lesion. In the thoracic spine, the upper abdominal (T8-9), mid-abdominal (T9-10), and lower abdominal (T11-12) superficial reflexes can be used to assess the integrity of motor efferents from these levels.10 As the appropriate dermatome is stroked from lateral to medial, the ipsilateral abdominal muscles will contract. In a thin, muscular patient the examiner will occasionally observe movement of the umbilicus toward the stimulated side. In the lumbar spine, the superficial cremasteric reflex is mediated by L1 and L2. Stimulating the upper medial thigh in a male patient will cause elevation of the testicle on the ipsilateral side. The anocutaneous reflex, or “anal wink,” is used to assess S2 through S4 and involves contraction of the external anal sphincter in response to stimulation of the perianal skin. The importance of testing this reflex in the setting of spinal cord injury has been previously mentioned.









Pathologic Reflexes


Upper motor neuron (corticospinal tract) lesions should be suspected in patients harboring the classic pathologic reflexes. These include the plantar response in the lower extremity and a positive Hoffmann sign in the hand. The plantar reflex is typically assessed by using a sharp instrument to stroke the plantar surface of the foot from the heel dorsally, then lateral to medial across the metatarsal pads. A normal plantar reflex results in flexion of all the toes. A positive test (Babinski sign) involves dorsiflexion of the great toe alone or in combination with ankle dorsiflexion and hip flexion (“triple response”). The same reflex can be elicited by stroking the lateral side of the foot (Chaddock test) or the crest of the tibia (Oppenheim test).


The upper extremity analogue of the plantar response is the Hoffmann sign. The palmar surface of the hand is lightly supported as the patient’s middle finger is flicked into extension or flexion at the distal interphalangeal joint. A positive response involves reflex flexion of the thumb and fingers and is commonly observed in myelopathic patients with cervical spinal cord compression. A recent study11 of 536 patients with spine-related problems found 16 patients with a positive Hoffmann sign and no pain or neurologic symptoms referable to the cervical spine. Interestingly, 15 (94%) of these patients had some degree of cord compression on cervical MRI. The clinical significance of this study is unclear, however, because prior studies12 have documented cervical cord impingement in up to 20% of asymptomatic adults older than 40 years of age.












Provocative Nerve Root Testing


If the history and basic physical examination raise the clinical suspicion of a radiculopathy, performing a series of provocative nerve root tests can further improve diagnostic accuracy. These tests were designed to reproduce clinical symptoms by accentuating nerve root irritation due to compressive pathology.






Cervical Spine


Patients with cervical radiculopathy often complain of worsening pain with Valsalva activities or when rotating the head toward the symptomatic extremity. A foraminal closing test (Fig. 12-3) is performed by hyperextending the patient’s head and rotating it toward the affected side, thus decreasing the size of the intervertebral foramen. An axial load is then often applied by pressing down on the patient’s head. A positive test reproduces the patient’s radicular symptoms and is often referred to as the Spurling sign. A recent review of the Spurling test,13 which was administered before electromyelographic testing of 255 patients referred for possible cervical radiculopathy, found poor sensitivity (30%) but excellent specificity (93%). Similar maneuvers can be used to reproduce radicular symptoms, including pure axial compression followed by traction, but these tend to be poorly tolerated by patients. Patients with cervical radiculopathy may also get relief by placing the affected extremity behind the head (the shoulder abduction relief sign).14





[image: image]

FIGURE 12-3 Foraminal closing maneuver positive for a C6 radiculopathy.











Lumbar Spine


There are several well-described nerve root tension signs that are useful when testing for lumbar radiculopathy.15






Straight Leg Raising Test (Lasègue Sign)


The most widely used test to differentiate leg pain resulting from hip pathology versus nerve root irritation is the straight leg raising test (SLR). The test was discovered by the French pathologist Ernest Charles Lasègue16 and described in 1881 by one of his pupils, J. J. Forst. In the supine position, the patient’s fully extended leg is slowly raised and the patient reports any pain that is elicited. The SLR is considered positive if pain or paresthesia occurs in a radicular distribution at less than 60 degrees of elevation (Fig. 12-4). Lowering the affected leg and dorsiflexing the ankle will exacerbate the pain. Allowing the foot to rest on the examining table by flexing the knee will typically ease the pain (bowstring sign). Pain limited to the low back, hip, or posterior thigh is not indicative of a radiculopathy. SLR is most specific for L5 or S1 radiculopathy.





[image: image]

FIGURE 12-4 Positive straight leg raising test for an S1 radiculopathy.











Reverse Straight Leg Raising Test (Femoral Stretch Test)


This test is more sensitive for pain caused by radiculopathy involving L2, L3, and L4. In the prone or lateral decubitus position, the patient’s knee is maximally flexed as the hip is extended (Fig. 12-5). A positive test involves pain in the distribution of the affected nerve root.





[image: image]

FIGURE 12-5 Positive reverse straight leg raising test for an L4 radiculopathy.











Crossed Straight Leg Raising Test (Well Leg/Straight Leg Raising Test)


The crossed straight leg raising test (CSLR) is performed by raising the unaffected leg with the patient in the supine position and is positive when radicular pain occurs in the clinically affected extremity. This phenomenon is also referred to as the Fajersztajn sign, in honor of the Polish neurologist who first described it17 and, interestingly, also suggested that foot dorsiflexion would aggravate sciatica. The test is typically positive when the patient has a large central disc herniation. It is more specific but less sensitive than SLR.18 A meta-analysis done by Devillé et al. demonstrated that SLR is 91% sensitive and 26% specific, whereas CSLR is 29% sensitive and 88% specific.19









Hoover Test


This test is included to exclude weakness of nonorganic origin and should be performed in series with the SLR. After placing both hands under the patient’s heels, the examiner asks the patient to raise one leg. If the examiner cannot feel downward pressure in the resting leg, the patient is not likely giving a true effort.


















Differentiating Spinal Cord and Peripheral Nerve Pathology from Bony or Soft Tissue Pathology


Abnormalities of the joints of the upper and lower extremities may occasionally mimic or present simultaneously with neurologic signs and symptoms. The spinal surgeon should be aware of some common maneuvers used to diagnose joint and soft tissue pathology.






Cervical Radiculopathy versus Upper Extremity Pathology






Shoulder


Patients often present with cervical radiculopathy complaints that also include pain or tenderness of the shoulder joint. Possible causes of shoulder pain include bicipital tendon subluxation, frozen shoulder syndrome, and shoulder dislocation. The Yergason test consists of externally rotating the humerus against resistance with the patient’s elbow flexed. Resulting pain suggests an unstable biceps tendon. The drop arm test is a quick test for a rotator cuff tear. The patient’s arm is abducted to 90 degrees by the examiner and is dropped. If the patient can hold the arm steady, the rotator cuff is likely normal. A rotator cuff injury is possible if the arm falls and the patient is unable to slowly lower it to his or her side. The apprehension test aids in the diagnosis of chronic shoulder dislocation. The arm is abducted and externally rotated. If the shoulder joint is about to dislocate, the patient may exhibit a look of apprehension or fear.20









Elbow


Lateral epicondylitis or tennis elbow is a common condition that may be confused with cervical radiculopathy owing to weakness of the forearm extensors. Patients with lateral epicondylitis experience exquisite pain at the insertion of the wrist extensor’s origin when asked to dorsiflex the involved wrist against resistance.20















Summary


Meticulous history taking and physical examination skills are critical to the surgeon caring for patients with spinal disorders. The value of the neurologic history and physical examination must not be overlooked despite today’s advances in imaging technology.
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Chapter 13 Intervertebral Disc Process of Degeneration


Physiology and Pathophysiology




Scott Tintle, David Gwinn





In the United States alone, nearly 5.7 million people are diagnosed with intervertebral disc disorders each year.1,2 These disorders are responsible for widespread disability and account for tremendous costs associated with their treatment and loss of productivity. The intervertebral disc is a unique multifunctional structure. It provides a major stabilizing effect for the spine and allows for the dissipation of axial load, and yet is still flexible enough to confer significant mobility. Despite these essential roles in spinal mechanics, the disc also begins to show signs of biochemical and structural change almost immediately after birth, and signs of degeneration are present at an extremely young age.3-5 Unfortunately, these degenerative changes are often progressive, rendering the disc biochemically and biomechanically incapable of absorbing the forces necessary for normal physiologic spinal function and potentially leading to rapid degeneration of the spine.


Understanding the anatomy and function of the normal disc serves as the framework for comprehension of the complex processes of aging and the pathologic degeneration that afflict the disc. One of the most significant challenges to a complete understanding of disc disease is the lack of consistency with which radiographically detectable signs of disc degeneration translate to clinical symptomatology.6 As such, there is abundant evidence to suggest that aberrant disc morphology does not necessarily equate with back pain.6,7 This poses a significant challenge to researchers in this field because individual variation in disc degeneration makes it difficult to distinguish between age-related alterations and pathologic premature degenerative changes.5,8 In the future, the ability to make this distinction will lead to improved clarity regarding the complex process of disc degeneration.






Normal Intervertebral Disc


The intervertebral disc is composed of water, proteoglycan, collagen, and a small amount of noncollagenous proteins. There are three major regions to the intervertebral disc with differing structural compositions: the nucleus pulposus, anulus fibrosus, and cartilaginous end plates. Each has different functions. Of significant note, the intervertebral disc is one of the most hypocellular structures in the body9 (Fig. 13-1).





[image: image]

FIGURE 13-1 The three major structural portions of the normal intervertebral disc: the nucleus pulposus, anulus fibrosus, and cartilaginous end plates.


(Redrawn and modified from Raj PP: Intervertebral disc: anatomy-physiology-pathophysiology-treatment. Pain Pract 8:18, 2008.)









Anulus Fibrosus


The anulus fibrosus is the outer circumferential portion of the disc and is often subdivided into the inner and outer anulus. The outer anulus is a collection of highly organized, densely packed collagen fibrils, creating a lamellar structure of up to 25 lamellae in the mature disc.9,10 These collagen fibrils insert into the adjacent vertebral end plates and join them together to stabilize the spine. In addition to its predominantly collagenous structure, a small amount of elastin is present in the anulus, which helps it to restore and recoil after stretching in response to compression and tensile forces.9,11 The strong anulus provides the ability to absorb significant hoop stresses and maintain stiffness in the presence of the tensile forces induced by bending and twisting of the spine.12,13 The importance of this ability to resist hoop stress has been shown in large animal studies, which demonstrated that even a partial-thickness laceration into the anulus rapidly produced advanced disc degeneration.12,14 The outer anulus is populated with a low density of fibroblast-like cells.15 It is the only tissue in the mature disc that remains innervated and is capable of producing pain when exposed to noxious stimuli.16-19


The inner anulus appears to serve as a transition zone to the vastly different biochemical composition of the nucleus. It is less dense and lacks the organized lamellar structure of the outer anulus. It is populated with rounder, chondrocyte-like cells, and the concentration of proteoglycans and water content is increased.20









Nucleus Pulposus


The nucleus pulposus, the inner, less-organized region of the disc, occupies the middle and posterior thirds of the intervertebral disc.21 It consists of a rich proteoglycan matrix with a lesser amount of disorganized collagen than in the anulus.20,22 There is a significantly higher content of water in the nucleus. The large amount of proteoglycan and water present in the nucleus make it ideal for developing the “swelling pressures” necessary to resist the compressive forces of the spine. At birth, the nucleus is populated almost exclusively with notochordal cells. These cells rapidly begin to necrose shortly after birth and by the age of 4 to 10 years they are completely replaced by rounder, chondrocyte-like cells of mesenchymal origin9 (Table 13-1).


TABLE 13-1 Composition of the Intervertebral Disc






	Component

	Anulus Fibrosus

	Nucleus Pulposus






	Collagen (mainly types I and II; others present include types III, V, VI, IX, XI, XII, and XIV)

	70% of dry weight
80% type I collagen

	20% of dry weight
80% type II collagen






	Proteoglycan

	25% of dry weight

	50%–70% of dry weight






	Water

	Lowest content

	Highest content














Cartilaginous End Plate


The cartilaginous end plate is a hyaline cartilage layer separating the disc from the adjacent bony vertebral end plate. It is usually less than 1 mm thick in the mature disc and lies immediately adjacent to the perforated bony end plate. It is loosely cemented to the underlying bony end plate by a thin layer of calcium that is absent near the perforated areas of the bony plate, which allows for nutrient diffusion from the vertebra to the disc.21












Matrix of the Intervertebral Disc


The matrix content of the intervertebral disc is critical to disc function. The uniquely hydrophilic nature of proteoglycans provides the swelling pressure required to increase the intradiscal water content necessary to resist compressive strains on the spine.9,23,24 The matrix composition changes with age, and the quantitative loss and qualitative deterioration of the proteoglycans is thought to represent the single largest biochemical contribution to disc degeneration.20,25


Proteoglycans are highly negatively charged molecules consisting of a core protein and chains of glycosaminoglycans radiating from the core. The chains are composed mainly of keratin and chondroitin sulfate. Multiple proteoglycans then are linked to hyaluronic acid to form large proteoglycan aggregates capable of producing even larger swelling pressures. The aggregates are held together by type II collagen and are cross-linked by type IX collagen.23,26


Aggrecan is the most abundant proteoglycan in the disc.20 It is responsible for 70% of the dry weight of the nucleus pulposus and 25% of the anulus fibrosus. Other proteoglycans present at lower levels include decorin, biglycan, fibromodulin, lumican, versican, and perlican.20,27









Nutrition of the Intervertebral Disc


The intervertebral disc is the largest avascular tissue in the human body. Nutritional support for cell survival, matrix production, and disc homeostasis occurs through diffusion of nutrients through the vertebral end plates.28-30 In the newborn and young child, small blood vessels penetrate the cartilaginous end plates and enter the disc anulus and nucleus.21 These vessels rapidly become less efficient, yet remain partially functional until about 8 years of age. They then become completely nonfunctional over the next two decades of life.5,21,28,31,32


The vertebral body is supplied by an arterial network that drains into a subchondral venous plexus within the bone.28,33 Capillaries from this region penetrate into the subchondral plate and terminate in loops at the bony end plate–cartilaginous end plate junction.28,34,35 Through these capillaries, the nutrients necessary for disc metabolism are delivered and diffuse through the cartilaginous end plates to reach the center of the disc.28 The end plate acts as a semipermeable membrane, letting smaller neutral charges (water, amino acids, oxygen) through more easily than larger, positively charged molecules28,36-38 (Fig. 13-2).
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FIGURE 13-2 The normal circulation to the vertebral body and vertebral end plates.


(Redrawn and modified from Raj PP: Intervertebral disc: anatomy-physiology-pathophysiology-treatment. Pain Pract 8:18, 2008.)












Modulation and Regulation of Disc Matrix






Anabolic Influences


The intervertebral disc matrix is in a constant state of dynamic flux. Anabolic and catabolic influences on the disc matrix continuously interact with the disc to alter the physical composition of the matrix.23 Metalloproteinases (MMPs) modulate the matrix composition by breaking down aged proteoglycans under catabolic influences while newly synthesized matrix takes the place of the degraded proteoglycans.23,39 A very complex, multifactorial, poorly understood interaction of mechanical and biochemical factors defines whether a disc is capable of remodeling in response to loading conditions in order to maintain disc homeostasis.1 If the disc is unable to remodel and maintain a balance of anabolic and catabolic influences, then damage accumulates in a process that may eventually self-perpetuate into a state of continued degeneration.


The key anabolic modulating growth factors work by stimulating the chondrocyte-like cells to produce matrix while inhibiting the MMPs present in the disc.1 In addition to various growth factors, tissue inhibitors of MMPs (TIMPs) are present to suppress the activation of the MMPs23,40 (Table 13-2).


TABLE 13-2 Key Anabolic Modulators (Growth Factors) of the Intervertebral Disc






	Growth Factor

	Role






	Insulin-like growth factor-1 (IGF-1)

	Stimulates proteoglycan synthesis
Reduces cellular apoptosis






	Epidermal growth factor (EGF)

	Stimulates matrix synthesis
Cellular proliferation






	Basic fibroblast growth factor (bFGF)

	Stimulates proteoglycan synthesis
Cellular proliferation






	Platelet-derived growth factor (PDGF)

	Decreases cellular apoptosis






	Transforming growth factor beta (TGF-β)

	Greatly increased proteoglycan synthesis
Cellular proliferation






	Bone morphogenetic protein-2 (BMP-2)

	Increased proteoglycan synthesis
Cellular proliferation
Increased mRNA for type II collagen, aggrecan, sox9, and osteocalcin
Up-regulates gene expression of BMP-6, BMP-7, and TGF-β






	Bone morphogenetic protein-7 (BMP-7; osteogenic protein-1 [OP-1])

	Increased proteoglycan synthesis
Increased collagen synthesis
Cellular proliferation






	Link protein N-terminal peptide

	In concentrations of 10–100 μg/mL stimulates matrix assembly







From Masuda K, Oegema TJ, An H: Growth factors and treatment of intervertebral disc degeneration. Spine (Phila Pa 1976) 29:2757, 2004.









Catabolic Influences


Catabolic modulation in the disc occurs mainly through cytokine-induced and metalloproteinase degradation of matrix components.23 MMPs 1, 2, 3, 8, 9, and 13 are all present in the disc and serve to degrade collagen, aggrecan, versican, link protein, and the other proteoglycans.9,41-45 The aggrecanases ADAM-TS-4 and ADAM-TS-5, from the ADAM (a disintegrin and metalloproteinase) protein family, are also present in the disc and mainly function to degrade aggrecan and versican.9,46 These MMPs and aggrecanases allow for the large proteoglycans to be degraded into smaller components that may be more easily leached from the intervertebral disc by diffusion.20 In a pathologic catabolic state when the MMPs are working with little opposing matrix production, a significant net loss of proteoglycan and water content occurs, rendering the disc incapable of producing the swelling pressure necessary to resist compressive forces on the disc.20 Overproduction of MMPs can thus lead to increased forces on other spinal structures and contribute to disc and overall spinal degeneration.


In addition to the catabolic effect of MMPs, growing evidence suggests that inflammatory cytokines may have a significant catabolic influence on the disc.23,47,48 Animal studies have indicated that in the presence of injury to the intervertebral disc there are increased levels of interleukin (IL)-1, tumor necrosis factor alpha (TNF-α), and IL-8 near the injured regions of the disc.49 These cytokines have negative catabolic effects on the disc and also stimulate the disc cells to produce chemokines, which are responsible for macrophage attraction and stimulation, especially in the presence of disc herniation.48,50 Macrophages in the disc usually reflect an attempt to break up or remove herniated disc fragments, but their presence also leads to further inflammation and cytokine release, which may prove damaging to the disc.23,51 These inflammatory substances are also responsible for the activation of multiple cascades within the disc cell nuclei that lead to the production of metalloproteinases, which in turn contribute to matrix breakdown.48,52 In addition, these inflammatory cytokines are thought to contribute to the pain-producing effects of disc degeneration48,49,53,54 (Table 13-3).


TABLE 13-3 Key Catabolic Modulators of the Intervertebral Disc






	Catabolic Modulators

	Actions






	Interleukin-1 (IL-1)

	Inhibits synthesis of matrix
Promotes metalloproteinase production
Stimulates nitric oxide synthetase to produce nitric oxide
Enhances caseinase activity
Triggers the translocation of transcription factors to cell nuclei that target genes that include collagenases and COX-2






	Tumor necrosis factor alpha (TNF-α)

	Inhibits synthesis of matrix
Promotes metalloproteinase production
Stimulates nitric oxide synthetase to produce nitric oxide
Triggers the translocation of transcription factors to cell nuclei that target genes that include collagenases and COX-2






	Nitric oxide

	Produces free radicals that damage cell membranes and induce degenerative pathways
Inhibits tissue inhibitors of metalloproteinases (TIMPs)






	Interleukin-6 and interleukin-9 (IL-6, IL-9) fibronectin superoxide

	Proinflammatory and pro-nociceptive effect stimulates proteoglycan degradation
Degrades hyaluronic acid, causing aggregate breakdown







COX-2, cyclooxygenase-2.


Data from references 1, 9, 48; and Anderson DG, Tannoury C: Molecular pathogenic factors in symptomatic disc degeneration. Spine J 5(6 Suppl):260S, 2005.












Degeneration


It is very difficult to differentiate the normal degenerative changes of an aging disc from those of pathologic disc degeneration.5,8 It is also crucial to understand that even pathologic disc degeneration is not always accompanied by back pain, and therefore degeneration as discussed here does not necessarily translate to clinical symptomatology. The biochemical and cellular structure of the intervertebral disc begins changing almost immediately after birth, and the process progresses through life.3-5 It is useful to divide disc changes into the following two categories:







1. Gross and histologic changes


2. Biochemical changes





The gross structural/histologic and biochemical changes affect the disc’s overall ability to function effectively and ultimately both contribute to progressive disc failure in pathologic states.






Gross and Histologic Changes


The hallmark histologic finding in intervertebral disc degeneration is the progressively diminishing vascular supply, which begins shortly after birth and leads to tissue breakdown as early as the second decade of life.5 Changes in the nucleus pulposus also begin immediately after birth. Within the first two decades of life the nucleus begins to undergo mucoid degeneration, increasing cleft formation, and granular changes consistent with granulation tissue formation at sites of disc injury. These clefts and granular changes eventually lead to frank tears that communicate with anular rim lesions.5,21


In the anulus, peripheral rim lesions appear late in the second decade of life and eventually progress to frank tears that communicate with the nuclear clefts. The end plate also shows degenerative changes that begin with the loss of the end plate vessels early in childhood. After the loss of these vessels, cartilage disorganization increases and cracks in the cartilaginous end plate begin to appear. Microfractures in the adjacent subchondral bone follow and new subchondral bone formation and eventual sclerosis of the plate occur. All of these changes eventually lead to a “burned-out” state,5 apparent in the seventh and later decades of life. At this time, all components of the disc begin to resemble scar tissue and there is no longer a distinction between the different regions of the disc5,21 (Table 13-4 and Figs. 13-3 to 13-6).




TABLE 13-4 Gross Degenerative Disc Changes by Age
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FIGURE 13-3 Sagittal section through a normal intervertebral disc.


(From Thalgott J, Albert T, Vaccaro A, et al: A new classification system for degenerative disc disease of the lumbar spine based on magnetic resonance imaging, provocative discography, plain radiographs and anatomic considerations. Spine J 4[6 Suppl]:167S, 2004.)
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FIGURE 13-4 Sagittal section through a disc with mild degeneration.


(From Thalgott J, Albert T, Vaccaro A, et al: A new classification system for degenerative disc disease of the lumbar spine based on magnetic resonance imaging, provocative discography, plain radiographs and anatomic considerations. Spine J 4[6 Suppl]:167S, 2004.)
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FIGURE 13-5 Sagittal section through a disc with moderate degeneration. Note loss of disc height and irregular end plates.


(From Thalgott J, Albert T, Vaccaro A, et al: A new classification system for degenerative disc disease of the lumbar spine based on magnetic resonance imaging, provocative discography, plain radiographs and anatomic considerations. Spine J 4[6 Suppl]:167S, 2004.)








[image: image]

FIGURE 13-6 Sagittal section through a disc with severe degeneration. Note end plate sclerosis, osteophytosis, and severe loss of disc height.


(From Thalgott J, Albert T, Vaccaro A, et al: A new classification system for degenerative disc disease of the lumbar spine based on magnetic resonance imaging, provocative discography, plain radiographs and anatomic considerations. Spine J 4[6 Suppl]:167S, 2004.)





The cellular content of the disc also changes over time. The earliest changes occur shortly after birth and include replacement of the rapidly decaying notochordal cells with mesenchymal chondrocyte-like cells.9 Cell density in both the nucleus and the anulus also rapidly declines after birth. This occurs as the matrix grows along with the expanding volume of the intervertebral disc. The cell density in the nucleus pulposus shortly after birth is approximately 4 × 106 cells/cm3 and in the anulus fibrosus, 9 × 106 cells/cm3. This is significantly lower then the cellular density of even relatively acellular hyaline cartilage,9 which has about 1.4 × 107 cells/cm3. As the disc continues to age, cell death accelerates and large numbers of decaying cells can be found in clusters. By adulthood, more than 50% of the disc’s cells are necrotic55 (Fig. 13-7 and Table 13-5).





[image: image]

FIGURE 13-7 Midsagittal view on T2 density-weighted MRI of discs graded according to a modified Pfirrmann classification (see Table 13-5).


(From Hangai M, Kaneoka K, Kuno S, et al: Factors associated with lumbar intervertebral disc degeneration in the elderly. Spine J 8:732, 2008.)





TABLE 13-5 Modified Pfirrmann Classification as Evaluated on Midsagittal T2-Density-Weighted MRI






	Grade

	Signal Intensity of Nucleus Pulposus

	Distinction between Nucleus and Anulus






	I

	Hyperintense or isointense to CSF (bright white) and homogeneous

	Clear






	II

	Hyperintense of isointense to CSF (white) and inhomogeneous

	Clear






	III

	Intermediate to CSF (light gray) and inhomogeneous

	 






	IV

	Hypointense to CSF (dark gray) and inhomogeneous

	 






	V

	Low intense to CSF (black) and inhomogeneous

	 







CSF, cerebrospinal fluid.


Adapted from Hanagai M, Kaneoka K, Kuno S, et al: Factors associated with lumbar intervertebral disc degeneration in the elderly. Spine J 8:732, 2008.









Biochemical Changes


The most significant biochemical change in the degenerating disc is the net loss of proteoglycan.20,25 In addition to this quantitative loss of proteoglycan, the quality of the remaining proteoglycan is compromised.9,27,56 With the loss of large quantities of aggregated proteoglycan, the disc’s ability to create the swelling pressure necessary to absorb the forces imposed on it decreases. These changes also begin shortly after birth, when the rich proteoglycan matrix composition is altered. At birth, chondroitin sulfate is the predominant glycosaminoglycan in the disc, but as the blood supply is progressively lost and the disc volume increases, the disc contents become increasingly anaerobic. Because of the lack of oxygen, chondroitin sulfate is progressively replaced by keratan sulfate chains, which are created in the absence of oxygen.9,57-59


In addition to the changing glycosaminoglycan composition in the disc, the overall structure of the large proteoglycans changes. In the young disc, aggrecan is the predominant proteoglycan. Multiple aggrecan molecules bind to hyaluronan to form an even larger structure called an aggregate. In the fetal and newborn disc, aggregating proteoglycans predominate and are extremely effective in creating large swelling pressures.9,60,61 The amount of aggregating proteoglycan is rapidly diminished with age by proteolytic degradation of the large aggregates. By 6 months of age, only 50% of the anular and 30% of the nuclear proteoglycan content is in aggregated form. In the mature adult disc, only 10% of the proteoglycan is aggregated and these aggregates are smaller and have a higher keratan sulfate composition compared with their younger equivalents.27,62 These degenerative features of disc proteoglycans may make them less effective in creating the swelling pressure necessary to resist compressive forces9 (Fig. 13-8).





[image: image]

FIGURE 13-8 The large aggrecan molecule forms an aggregate with hyaluronan and link protein.


(From Esko JD, Kimata K, Lindahl U: Proteoglycans and sulfated glycosaminoglycans. In Varki A, Cummings RD, Esko JD, et al., editors: Essentials of glycobiology, ed 2, Cold Spring Harbor, NY, 2009, Cold Spring Harbor Laboratory Press. Online text version available at www.ncbi.nlm.nih.gov/books/NBK1900/.)





The collagen content of the disc is not immune to change, also exhibiting signs of degeneration. The disc collagen demonstrates evidence of proteolytic collagenase action, which accumulates and eventually contributes to the weakening mechanical properties of the disc.9,57,63 It is significant that the triple helix structure of disc collagen is more denatured and damaged than that of the collagen in articular cartilage, which may indicate less effective repair mechanisms in the disc.57 In addition, the collagen present in the disc appears to be nonenzymatically cross-linked by advanced glycation end products (AGEs).9,64-66


AGEs are protein modifiers formed through the Maillard reaction when an amino acid and a reducing sugar react.66 With age, AGEs accumulate in various tissues in the body such as the skin, myocardial cells, renal cells, chondrocytes, and intervertebral discs.66-70 AGEs originally were given substantial attention because of their increased presence in diabetes.71 After research elucidated the presence and negative effect of AGEs on articular cartilage, their presence and potential role in intervertebral disc degeneration were sought.66,72,73 in vitro and animal studies suggest that AGEs play a role in disc degeneration. Their increased concentration in diabetes may contribute to the increased relative risk for disc herniation seen in at least one study of patients with diabetes.74


AGEs likely influence disc degeneration through negative biologic and biomechanical contributions. Biomechanical studies have demonstrated that the accumulation of AGEs leads to alterations in the disc’s physical properties, the most significant of which is increased mechanical stiffness.75 This increased stiffness of the disc also likely leads to a decreased ability to produce the swelling pressure necessary for normal disc function.9,69 Biologic in vitro studies have also demonstrated that the accumulation of AGEs in intervertebral disc cells leads to a down-regulation in the production of aggrecan.66 In addition, a recent bovine study documented the increased expression of the receptor for AGEs (RAGE) in intervertebral discs in the presence of an inflammatory state with increased IL-1β. All of these studies noted a decrease in aggrecan production, which may at least partially explain the increased disc degeneration seen in the presence of chronic inflammation.48,76









Disc Material Properties and Disc Degeneration


The gross structural and biochemical changes associated with early degeneration lead to changes in the intervertebral disc’s mechanical properties, which make it less capable of performing its necessary functions.77 Cadaveric studies conducted on discs of various ages and degrees of degeneration have demonstrated an increased shear modulus in aged and degenerated discs, indicating a decreased ability of the disc to absorb energy.77-79 In essence, the discs become increasingly stiff and appear to undergo a transition from “fluid-like” behavior to “solid-like” behavior with increasing degeneration.80 Alterations in disc viscoelasticity have also been seen, including both increased creep and creep rate. In addition to these changes, which more drastically affect the nucleus, alterations in the anulus result in a decreased Poisson’s ratio as well as decreased radial permeability, which transforms the anisotropic hydraulic permeability of the normal disc to a more isotropic permeability in degenerated discs81 (Box 13-1).





BOX 13-1 Physical Properties of the Degenerated Disc






Nucleus Pulposus







Shear modulus: eightfold increase


Swelling pressure: significantly decreased












Anulus Fibrosus







Poisson’s ratio: decreased


Hydraulic permeability: increasingly isotropic








From Iatridis J, Maclean J, Roughley P, et al: Effects of mechanical loading on intervertebral disc metabolism in vivo. J Bone Joint Surg [Am] 88(Suppl 2):41, 2006.





With the compromised material properties demonstrated in degenerative models, abnormal motion segments are to be expected and have been demonstrated in cadaveric models.82 These studies suggest that early human disc degeneration and the changing physical properties of the disc may affect the overall mechanical function of the spine, leading to altered dynamics and increased intradiscal pressure as well as increased internal stress and strain patterns on the disc, which ultimately may contribute to further disc degeneration.82-84












Etiology of Disc Degeneration


We have discussed the basic components of the disc and the structural and biochemical changes that occur with disc degeneration; in the following sections, we examine the etiology of disc degeneration. As recently as the 1990s, the general belief was that age, sex, occupation, cigarette smoking, and vibration were the leading contributory factors to disc degeneration.85 Ironically, the contributions of height, weight, and genetics were less certain. Monozygotic twin studies performed over the past two decades have, however, provided tremendous insight into the etiology of disc degeneration and have strongly suggested that environmental and constitutional risk factors are only minor contributors to disc degeneration. Variations in disc degeneration can instead largely be explained by genetic factors.85-87


Even with the insight monozygotic twin studies have provided into the importance of the genetic contribution to disc degeneration, there is still a large amount of variation in the process that remains to be explained. This variation is probably the result of a complex, multifactorial set of gene-gene and gene-environment interactions that will not be amenable to linear regression modeling.85,88,89 The following sections discuss the proposed genetic and environmental influences on disc degeneration.






Genetic Influences


In 1995, Battié et al.86 published a study on the determinants of lumbar disc degeneration in which they looked at risk factors for disc degeneration in monozygotic male twins discordant for suspected environmental risk factors. Their findings provided strong support for the hypothesis that disc degeneration could largely be explained by a combination of genetic influences and still unidentified factors, which may represent complex, unpredictable genetic or other interactions. When looking at the upper lumbar region, they found that physical loading could explain only 7% of the variability in degeneration summary scores. Age could explain an additional 9%, but genetics could explain 61% of the variability. In the lower lumbar region, physical loading could explain 2%, age 7%, and genetics 34% of the variability.


With twin studies suggesting a strong genetic component to disc degeneration, further investigation to characterize the genetic influence on disc disease followed. At present, uncertainty remains as to whether a single gene has a predominant effect on disc degeneration or if degeneration is due to the smaller influence of many genes. Osteoarthritis, a similar degenerative condition of the musculoskeletal system, is considered to be an oligogenic, multifactorial genetic disease; disc degeneration is likely to be as well.85,90


To date, several gene loci have been identified as associated with disc degeneration or related pathology.91 These associations have been identified predominantly with small sample sizes and there has been significant variation in phenotypic definition. Despite small sample sizes and the challenges of phenotypic definition, there currently exists reasonable reproducible evidence among different ethnic populations to suggest the association of disc degeneration with the vitamin D receptor gene (VDR), the collagen IX genes (COL9A2, COL9A3), and the metalloproteinase-3 gene (MMP3).91 Despite their well-documented associations with disc degeneration, each of these genes has demonstrated only modest effects, suggesting that the most significant genetic susceptibilities have yet to be identified.91


The genetic contributions studied most frequently thus far relate to the biologic processes associated with matrix morphology, synthesis, and degradation, and the collagenous structures of the disc.85,91 Despite these probable genetic contributions to disc degeneration, other mechanisms and risk factors for disc degeneration likely exist. In recent studies by Videman et al.,92,93 some of the physical characteristics with genetic correlations were evaluated, including body height, weight, fat content, axial disc area, isokinetic lifting performance, and lifetime routine physical activities at work and leisure. Body weight, lifting strength, and axial disc area were more highly associated with disc degeneration than occupational and leisure physical activities, although all of them had minor influences on disc degeneration. In addition, higher body mass, greater lifting strength, and heavier work were all associated with increased disc height narrowing but less disc desiccation, confusing the matter. Smaller discs also appeared to have beneficial effects in these studies.


Videman et al.92,93 demonstrated the complexity of the genetic contribution to disc degeneration. As genetic research continues, gene-gene and gene-environment interactions will continue to be discovered, and a complete understanding of this complex process will be difficult to attain. For this reason, linear regression models will probably fail to capture the complexity of genetic influence on disc degeneration, and more advanced analytic techniques will be required.85,89 A summary of the major gene loci that have been associated with intervertebral disc degeneration is given in Table 13-6.


TABLE 13-6 Verified Gene Associated with Disc Degeneration






	Gene

	Effect






	
Taq1 tt genotype of vitamin D receptor

	Increased disc desiccation
Increased anular tears






	
Taq1 TT genotype of vitamin D receptor

	Increased disc bulging
Increased osteophytes






	
Taq1 and Fok1 genotypes of vitamin D receptor

	Increased bulging and disc height






	
Taq polymorphisms

	Increased severity of osteophytosis
Disc narrowing






	
5A5A and 5A6A gentoypes of MMP3 gene

	More degenerative findings than with the 6A6A genotype






	
COL9A2 and COL9A3


	Collagen IX genes associated with disc pathology and symptoms







From Battié M, Videman T, Parent E: Lumbar disc degeneration: epidemiology and genetic influences. Spine (Phila Pa 1976) 29:2679, 2004.









Nutritional Influences


Significant evidence exists to suggest a nutritional contribution to disc degeneration.5,30,94-96 In the young disc, as previously discussed, a vascular supply penetrates the vertebral end plate and is in close contact with the disc’s cartilaginous end plate. By maturity, only small blood vessels that reach the outer 1 to 2 mm of the disc periphery are present. This decreased vascular supply is likely a large contributor to disc degeneration.5,21


The inevitable decreased oxygen content that follows the loss of these blood vessels may explain the loss of the notochordal cells early in life, which require higher oxygen concentrations for survival.9 Decreasing oxygenation may also explain the increased substitution of keratan sulfate for chondroitin sulfate on aggrecan molecules, as well as leading to the increasingly glycolytic metabolism of the disc cells. In addition to the loss of the vascular supply, sclerosis of the subchondral plate negatively affects its porosity, leading to poor diffusion to the relatively avascular disc.28,30,94,97-99


Because of the low oxygen concentration within the disc, disc cell metabolism is anaerobic and thus consumes glucose and produces lactic acid. In low glucose states, the disc cells will eventually die. In addition, when cell pH drops below 6.4, cellular viability is compromised.28 In low pH states, cellular homeostasis is altered and a catabolic state is favored.28 Cell matrix production is inhibited while production of MMPs continues.100 These conditions, coupled with the decreased capability to diffuse lactic acid and other waste products, are thought to contribute to disc degeneration. Decreased diffusion also leads to difficulty with removal of degraded proteoglycans from the disc, both stiffening the disc structure and negatively affecting its ability to produce the swelling pressures necessary to function properly.9


Further support is garnered for the nutritional contribution to disc degeneration in specific pathologic states such as atherosclerotic disease, avascular necrosis due to decompression sickness, Gaucher disease, and nicotine exposure, which are all detrimental to the local blood supply to the vertebral body. The capillaries of the vertebral end plate in these disease states are narrowed and eventually blocked. This inhibits the transport of oxygen and other nutrients to the disc as well as limits the escape of lactic acid and proteolytic degradation products from the disc.28,101,102









Mechanical Influences


The mechanical influence on the metabolic state of the disc has long been debated. Occupational medicine literature has favored the catabolic effects of occupational loading on the intervertebral disc, whereas the sports and exercise physiology literature has often viewed mechanical loading of the disc as beneficial and anabolic.86,103-109 Monozygotic twin studies have also revealed that variations in mechanical loading of the spine play a relatively small role in explaining variations in disc degeneration.86 Over the past decade, the concept of the “threshold of stimuli” has developed, which may partially explain the possible anabolic and catabolic effects seen with disc loading at various magnitudes and frequencies.77,110,111


With this concept in mind, multiple small rodent studies have been conducted that have shown anabolic effects when tail discs have been loaded within a certain threshold, including increased messenger RNA expression, increased up-regulation of disc proteins, increased matrix production, and down-regulation of proteolytic enzymes. Outside the threshold of loading ranges (i.e., too little or too great a stimulus), negative effects are seen.78,110,111


The intervertebral disc experiences substantial forces and frequent loading on a daily basis, including fluid and osmotic pressures, interstitial fluid flow, and compressive, tensile, and shear stresses. These almost constant forces place a significant mechanical demand on the disc and have been thought to contribute to the tissue failure—anular and nuclear tears, as well as end plate damage—associated with disc aging and degeneration.109


Significant injury to the intervertebral disc has been associated with catastrophic disc overload.78,112-114 In cadaver models, when the motion-restricting effect of the facet joints is removed by facetectomy, torsional stress on the anulus results in posterolateral anular tears that radiate centrally. Changes such as disc narrowing, anular fissuring, and nuclear migration have all been seen in this setting. Although disc overload has been shown to lead to significant damage to the disc, it remains uncertain whether the daily wear and tear associated with normal physiologic loads leads to increased degneneration.23,115,116


In an effort to evaluate the daily stresses experienced by the intervertebral disc and to assess the cumulative injury model, a recent monozygotic twin study was conducted by Videman et al. on twins with an 8-kg or greater weight discordance.92 They discovered that higher body mass was not harmful to the intervertebral disc. In fact, the higher body mass actually resulted in a slight delay in lumbar disc desiccation. These findings significantly challenge the common belief that increased weight and the resulting increased loading of the intervertebral disc lead to increased disc degeneration. The findings of this study support the notion that “physical activity strengthens both the vertebrae and the discs,”117 and are also supportive of the threshold of stimuli model.93


Whole-body vibration has been incriminated in the pathogenesis of disc degeneration in the past. Both animal and in vitro studies have suggested a negative impact of vibration on the disc.23 Epidemiologic studies have also provided evidence to suggest that vibration plays a negative role in disc health.23,118-120 Data also suggest that helicopter pilots, truck drivers, and tractor operators have a high rate of back pain.23,121-124 Despite these findings, a monozygotic twin spine study has called into question the effect of whole-body vibration on disc degeneration. The study, performed by Battié et al.,85,125 arguably the best-controlled study to date evaluating this variable, found no evidence to suggest that whole-body vibration led to accelerated disc degeneration.









Toxic Exposure


The most common toxic exposure suggested to contribute to early disc degeneration is smoking. Nicotine has both direct and indirect negative effects on the disc. Indirectly, nicotine has been shown in a rabbit model to reduce the density of the vascular buds as well as narrow the vascular lumina to the vertebrae, resulting in decreased nutrient diffusion and necrosis and hyalinization of the nucleus pulposus.126 Nicotine has also been shown in in vitro and animal studies directly to affect the cellular and matrix components of the disc by decreasing the production of collagen and proteoglycans and inhibiting cell proliferation.127,128 In addition, an increased level of IL-1 and other inflammatory cytokines has been shown in animal discs.129 Despite the convincing in vitro evidence to suggest the negative role that nicotine plays in the degenerating disc, monozygotic twin studies have demonstrated only a small effect of long-term cigarette smoking in disc degeneration. The total variance explained by long-term smoking in the lumbar spine was less than 2%.86












Disc Degeneration and Back Pain


It is well accepted that the degenerated disc can lead to secondarily painful states such as disc herniation, nerve root impingement, deformity, and spinal stenosis.49,130 What has been more controversial has been the notion of the disc itself as the primary source of pain. Multiple imaging studies support the concept that disc degeneration is asymptomatic in many individuals yet painful in others.7,49,131,132 This evidence suggests that the painful degenerative disc process differs from asymptomatic degeneration and may be more related to unique biochemical changes than the morphologic changes evident on imaging (Box 13-2; see Fig. 13-5).





BOX 13-2 Potential Protein Therapies for Intervertebral Disc Degeneration






Growth Factors







Transforming growth factor beta (TGF-β)


Bone morphogenetic proteins (BMPs)


Insulin-like growth factor-1 (IGF-1)


Fibroblast growth factor (FGF)


Growth and differentiation factor-5 (GDF-5)


Epidermal growth factor (EGF)












Cytokine Antagonists







Interleukin-1 receptor antagonist (IL-1Ra)


Tumor necrosis factor alpha (TNF-α) antagonists












Proteinase Inhibitors







Tissue inhibitor of matrix metalloproteinase (TIMP)












Intracellular Regulators







Sox9


Link protein N-terminal peptide


SMADs


LIM mineralization protein (LMP-1)








From Fassett DR, Kurd MF, Vaccaro AR: Biologic solutions for degenerative disk disease. J Spinal Disord Tech 22:297, 2009.





The concept that a disc is capable of producing painful stimuli assumes that the disc is innervated. The healthy adult disc is only peripherally innervated by mechanoreceptors, which are thought to take part in proprioception. Innervation is limited to the outer anulus, where substance P-producing nociceptors have been found that are potentially involved with inflammatory pain.18,133,134 The bony vertebral end plate is also innervated and is likely also involved in primary disc pain.135 Evidence to support end plate pain perception has been provided by pain resolution after vertebroplasty as well as by pain provocation tests in humans.19,136 In degenerated discs in which anular tears attempt to heal by formation of granulation tissue, neovascularization as well as neoinnervation spread into the planes of tissue damage, thus providing the degenerated disc with additional innervation.14,137-141 Nerve growth factor is also up-regulated at this time and may actually lower the disc’s threshold to noxious stimuli.142-144 This increased density of nerve fibers along with a lower threshold to noxious stimuli may contribute to painful disc degeneration.


Growing evidence also suggests that the presence of inflammatory cytokines may be the distinguishing factor between nonpainful and painful disc degeneration. IL-1, IL-6, IL-9, and TNF-α have all been measured in degenerating human discs and have been associated with pain.48,49 The mechanism and reason for their elevation in the pathologic state are unknown. Animal models have shown, however, that after acute loading or injury a short-term inflammatory cascade is initiated as a part of the healing process. This proinflammatory status usually lasts approximately 1 to 3 weeks, depending on the severity of the injury. When chronic aberrant loading or a pathologic stimulus is present, however, a more persistent inflammatory state arises.48,52 This prolonged inflammation has been seen in animal tail stab models and has been shown to produce Modic changes in the adjacent vertebrae in the presence of a prolonged inflammatory cascade.48 In addition to its destructive modulation, the proinflammatory response may be responsible for pain sensitization through production of cytokines and mediators such as prostaglandin E2, IL-6, and IL-8.53,54,145









Future Treatment for Intervertebral Disc Degeneration


Current treatment strategies in spine surgery are mainly reactive and their goal is to alleviate the pain associated with the pathologic changes resulting from disc degeneration. Advanced clinical therapies, however, are undergoing intensive research. These therapies aim to treat intervertebral disc degeneration at the genetic, cellular, and molecular levels. The goal of these therapies is to stop the progression of disc degeneration, restore the disc to a normal biochemical composition, recreate the normal biomechanical properties of a healthy disc, and maintain disc homeostasis.


The potential advantages of these treatments are numerous, including the preservation of normal anatomy, maintenance of normal biomechanics, and conservation of normal motion segments.146 One of the key concerns with these therapies, however, remains the lack of vascularity and nutrition to an already degenerating disc.28,147 Molecular, genetic, and cellular therapies all require the presence of healthy nuclear cells or the ability to sustain these cells after implantation in order to produce matrix and prevent further degeneration.


The majority of the current molecular, genetic, and cellular studies do not seem to consider the avascular and austere physiologic status of the disc, which may lead to unfavorable results in vivo. One possible way of dealing with the lack of nutrition and low metabolic rate of disc cells would be to focus on decreasing the catabolic influences within the disc. This would require less energy and less cellular activity, yet still decrease disc degeneration.148






Molecular Therapies


In an effort to promote an anabolic state in the disc, various growth factors have been tested in animal studies and have shown the capability to increase cellular proliferation, up-regulate proteoglycan and collagen production, and increase disc height.146,149-153 The potential for a number of select growth factors to reverse degenerative disc changes has been reproducibly demonstrated in animal studies.146,154-156 The catabolic influences on the degenerating disc have also been addressed by the use cytokine inhibitors in an effort to down-regulate the proinflammatory cytokines TNF-α and IL-1 and shift the disc to a more anabolic state.146,157 Proteinase antagonists such as TIMPs also inhibit the breakdown of proteoglycans and may serve a role in future molecular therapy.146


Although early in vivo and in vitro studies have suggested a tremendous potential for these molecular therapies, the half-life of most of these molecules is relatively short.146 For these therapies to be clinically effective, repeated infusions or a long-term delivery device will likely be needed. For this reason, genetic therapy, with its ability to increase the translation of desired molecules, may prove more promising in the future (see Box 13-2).









Genetic Therapies


Genetic therapy transfers an exogenous gene into a cell along with a promoter in order to induce the translation of a desired target protein. Genetic therapy has the potential to overcome the major problem with molecular-based growth factor treatments by using existing disc cells to create a continuous, prolonged production of a desired protein.146 Genetic transfer has been performed most frequently using a viral vector, which for safety reasons has been the key limiting step in genetic therapy. Genes encoding for key anabolic growth factors and catabolic antagonists have been successfully transferred to disc cells using viral vectors, resulting in an improved anabolic state.146,158-161 Despite these promising results, the key challenge remains the safety of genetic transfer. Adenoviral vector transfer has been associated with death and life-threatening immune reactions.146,162-164 Alternative, nonviral methods of genetic transfer are under investigation and may play a key role in the future.148,165-168









Cellular Therapies


Cellular therapies attempt to address the primary disadvantage of molecular and genetic therapies, which is the common lack of viable cells in the disc because of its degenerative state. In the absence of viable, healthy disc cells, molecular and genetic therapies will not work. Although the transplantation of new cells into the disc may solve this dilemma, the continued nutrition and survival of these cells remains a significant challenge.28,147 Cell-based therapies have used both allograft and autograft nucleus pulposus cells, as well as a variety of stem cells, to regenerate discs. All three cell types have been successfully used in in vivo animal studies, resulting in improved disc biochemical profiles.146,169


In addition to these animal studies, one human clinical trial is underway in Europe investigating the role of autologous disc cell reimplantation 12 weeks after microdiscectomy and culture. Interim results were recently reported, indicating that 29 patients with 2 years of follow-up had improved clinical outcomes and visual analogue scores and less disc desiccation, but no difference in disc height. Although these results are encouraging, there is concern regarding the study because it is not blinded and a significant placebo effect may be detrimental to the study conclusions.146,170,171


Stem cell transplantation has also seen a surge in research interest. Multiple stem cell lineages have been studied, but mesenchymal stem cells have become the most popular owing to ethical concerns with fetal/embryonic stem cells, and their ready availability. Although good outcomes with in vivo animal studies using stem cells have been demonstrated, only one nonrandomized, uncontrolled study using autologous hematopoietic stem cells has been performed, which revealed no significant improvement in low back pain after treatment.146,172 One of the most significant challenges facing this technology is that the exact phenotype of the chondrocyte-like cells of the disc is not fully understood and, as such, it is currently impossible to reproduce these cells exactly.146,169












Summary


The enormous scale of the disability and cost associated with the loss of productivity and the treatment of pathology resulting from degenerating discs underscores the importance of understanding disc physiology and pathology. The structure and function of the intervertebral disc have been intensively studied and are relatively well understood. The key cellular and biochemical components of the disc and their rapid change with aging and degeneration have been documented and routinely accepted. The nutritional deterioration due to the loss of the disc’s direct vascular supply and resulting in a cascade of changes and likely degeneration has been well demonstrated with gross and histologic studies. The complex interplay of growth factors and catabolic mediators, as well as the key histologic, cellular, and biomechanical changes that accompany the degenerative process, continue to be elucidated. In the past decade, the paramount role of genetics and the lesser importance of environmental risk factors in disc degeneration have been discovered.


The internal processes and mechanics of disc degeneration may be partially understood, but the key initiating factors and the interactions of the various processes, including nutritional, molecular, cellular, genetic, inflammatory, and environmental influences, as well as why the disc begins degenerating almost immediately after birth, are poorly understood. Despite our relatively poor understanding of these interactions and the key factors promoting degeneration, research in molecular, genetic, and cellular therapies has rapidly advanced and provides a promising outlook for combating these degenerative changes in the future. Despite the significant challenges facing investigators in translating research into successful clinical treatments, the increasing amount of research in these fields as well as our improved understanding of disc physiology and pathology suggest that significant laboratory and clinical progress may be seen in the very near future.








Key References





 Battié M.C., Videman T., Gibbons L.E., et al. 1995 Volvo Award in clinical sciences. Determinants of lumbar disc degeneration: a study relating lifetime exposures and magnetic resonance imaging findings in identical twins. Spine (Phila Pa 1976). 1995;20:2601.


 Battié M.C., Videman T., Kaprio J., et al. The Twin Spine Study: contributions to a changing view of disc degeneration. Spine J. 2009;9:47.


 Boos N., Weissbach S., Rohrbach H., et al. Classification of age-related changes in lumbar intervertebral discs: 2002 Volvo Award in basic science. Spine (Phila Pa 1976). 2002;27:2631.


 Roughley P. Biology of intervertebral disc aging and degeneration: involvement of the extracellular matrix. Spine (Phila Pa 1976). 2004;29:2691.


 Thompson J., Oegema T.J., Bradford D. Stimulation of mature canine intervertebral disc by growth factors. Spine (Phila Pa 1976). 1991;16:253.


 Ulrich J., Liebenberg E., Thuillier D., et al. ISSLS prize winner: repeated disc injury causes persistent inflammation. Spine (Phila Pa 1976). 2007;32:2812.











References





The complete reference list is available online at expertconsult.com.











References





1. Masuda K., Oegema T.J., An H.S. Growth factors and treatment of intervertebral disc degeneration. Spine (Phila Pa 1976). 2004;29:2757.


2. Praemer A., Furner S., Rice D.P. Musculoskeletal conditions in the United States. Rosemont, IL: American Academy of Orthopaedic Surgeons; 1999.


3. Buckwalter J. Aging and degeneration of the human intervertebral disc. Spine (Phila Pa 1976). 1995;20:1307.


4. Miller J.A., Schmatz C., Schultz A. Lumbar disc degeneration: correlation with age, sex, and spine level in 600 autopsy specimens. Spine (Phila Pa 1976). 1988;13:173.


5. Boos N., Weissbach S., Rohrbach H., et al. Classification of age-related changes in lumbar intervertebral discs: 2002 Volvo Award in basic science. Spine (Phila Pa 1976). 2002;27:2631.


6. Borenstein D., O’Mara J.J., Boden S., et al. The value of magnetic resonance imaging of the lumbar spine to predict low-back pain in asymptomatic subjects: a seven-year follow-up study. J Bone Joint Surg [Am]. 2001;83:1306.


7. Boden S., McCowin P., Davis D., et al. Abnormal magnetic-resonance scans of the cervical spine in asymptomatic subjects: a prospective investigation. J Bone Joint Surg [Am]. 1990;72:1178.


8. Haefeli M., Kalberer F., Saegesser D., et al. The course of macroscopic degeneration in the human lumbar intervertebral disc. Spine (Phila Pa 1976). 2006;31:1522.


9. Roughley P. Biology of intervertebral disc aging and degeneration: involvement of the extracellular matrix. Spine (Phila Pa 1976). 2004;29:2691.


10. Roberts S. Disc morphology in health and disease. Biochem Soc Trans. 2002;30:864.


11. Yu J. Elastic tissues of the intervertebral disc. Biochem Soc Trans. 2002;30:848.


12. Vernon-Roberts B., Moore R., Fraser R. The natural history of age-related disc degeneration: the pathology and sequelae of tears. Spine (Phila Pa 1976). 2007;32:2797.


13. Skaggs D., Weidenbaum M., Iatridis J., et al. Regional variation in tensile properties and biochemical composition of the human lumbar anulus fibrosus. Spine (Phila Pa 1976). 1994;19:1310.


14. Osti O., Vernon-Roberts B., Fraser R. 1990 Volvo Award in experimental studies. Anulus tears and intervertebral disc degeneration: an experimental study using an animal model. Spine (Phila Pa 1976). 1990;15:762.


15. Errington R., Puustjarvi K., White I., et al. Characterisation of cytoplasm-filled processes in cells of the intervertebral disc. J Anat. 1998;192:369.


16. Veres S., Robertson P., Broom N. ISSLS prize winner. Microstructure and mechanical disruption of the lumbar disc annulus: Part II. How the annulus fails under hydrostatic pressure. Spine (Phila Pa 1976). 2008;33:2711.


17. Bogduk N., Tynan W., Wilson A. The nerve supply to the human lumbar intervertebral discs. J Anat. 1981;132:39.


18. Palmgren T., Gronblad M., Virri J., et al. An immunohistochemical study of nerve structures in the anulus fibrosus of human normal lumbar intervertebral discs. Spine (Phila Pa 1976). 1999;24:2075.


19. Kuslich S., Ulstrom C., Michael C. The tissue origin of low back pain and sciatica: a report of pain response to tissue stimulation during operations on the lumbar spine using local anesthesia. Orthop Clin North Am. 1991;22:181.


20. Raj P. Intervertebral disc: anatomy-physiology-pathophysiology-treatment. Pain Pract. 2008;8:18.


21. Coventry M., Ghormley R., Kernohan J. The intervertebral disc: its microscopic anatomy and pathology. Part II: Changes in then intervertebral disc concomitant with age. J Bone Joint Surg. 1945;27:233.


22. Inoue H. Three-dimensional architecture of lumbar intervertebral discs. Spine (Phila Pa 1976). 1981;6:139.


23. Hadjipavlou A., Tzermiadianos M., Bogduk N., et al. The pathophysiology of disc degeneration: a critical review. J Bone Joint Surg [Br]. 2008;90:1261.


24. Urban J., Maroudas A. Swelling of the intervertebral disc in vitro. Connect Tissue Res. 1981;9:1.


25. Lyons G., Eisenstein S., Sweet M. Biochemical changes in intervertebral disc degeneration. Biochim Biophys Acta. 1981;673:443.


26. Eyre D.R., Matsui Y., Wu J. Collagen polymorphisms of the intervertebral disc. Biochem Soc Trans. 2002;30:844.


27. Johnstone B., Bayliss M. The large proteoglycans of the human intervertebral disc: changes in their biosynthesis and structure with age, topography, and pathology. Spine (Phila Pa 1976). 1995;20:674.


28. Urban J., Smith S., Fairbank J. Nutrition of the intervertebral disc. Spine (Phila Pa 1976). 2004;29:2700.


29. Oegema T.J. Biochemistry of the intervertebral disc. Clin Sports Med. 1993;12:419.


30. Nachemson A., Lewin T., Maroudas A., et al. In vitro diffusion of dye through the end-plates and the annulus fibrosus of human lumbar inter-vertebral discs. Acta Orthop Scand. 1970;41:589.


31. Rudert M., Tillmann B. Detection of lymph and blood vessels in the human intervertebral disc by histochemical and immunohistochemical methods. Ann Anat. 1993;175:237.


32. Hassler O. The human intervertebral disc: a micro-angiographical study on its vascular supply at various ages. Acta Orthop Scand. 1969;40:765.


33. Ratcliffe J. The arterial anatomy of the adult human lumbar vertebral body: a microarteriographic study. J Anat. 1980;131:57.


34. Crock H.V., Goldwasser M. Anatomic studies of the circulation in the region of the vertebral end-plate in adult greyhound dogs. Spine (Phila Pa 1976). 1984;9:702.


35. Oki S., Matsuda Y., Shibata T., et al. Morphologic differences of the vascular buds in the vertebral endplate: scanning electron microscopic study. Spine (Phila Pa 1976). 1996;21:174.


36. Mauck R., Hung C., Ateshian G. Modeling of neutral solute transport in a dynamically loaded porous permeable gel: implications for articular cartilage biosynthesis and tissue engineering. J Biomech Eng. 2003;125:602.


37. O’Hara B.P., Urban J., Maroudas A. Influence of cyclic loading on the nutrition of articular cartilage. Ann Rheum Dis. 1990;49:536.


38. Ferguson S., Ito K., Nolte L. Fluid flow and convective transport of solutes within the intervertebral disc. J Biomech. 2004;37:213.


39. Goupille P., Jayson M., Valat J., et al. Matrix metalloproteinases: the clue to intervertebral disc degeneration? Spine (Phila Pa 1976). 1998;23:1612.


40. Ohshima H., Urban J. The effect of lactate and pH on proteoglycan and protein synthesis rates in the intervertebral disc. Spine (Phila Pa 1976). 1992;17:1079.


41. Liu J., Roughley P., Mort J. Identification of human intervertebral disc stromelysin and its involvement in matrix degradation. J Orthop Res. 1991;9:568.


42. Kanemoto M., Hukuda S., Komiya Y., et al. Immunohistochemical study of matrix metalloproteinase-3 and tissue inhibitor of metalloproteinase-1 human intervertebral discs. Spine (Phila Pa 1976). 1996;21:1.


43. Hsieh A.H., Lotz J. Prolonged spinal loading induces matrix metalloproteinase-2 activation in intervertebral discs. Spine (Phila Pa 1976). 2003;28:1781.


44. Crean J.K., Roberts S., Jaffray D., et al. Matrix metalloproteinases in the human intervertebral disc: role in disc degeneration and scoliosis. Spine (Phila Pa 1976). 1997;22:2877.


45. Roberts S., Caterson B., Menage J., et al. Matrix metalloproteinases and aggrecanase: their role in disorders of the human intervertebral disc. Spine (Phila Pa 1976). 2000;25:3005.


46. Tang B.L. ADAMTS: a novel family of extracellular matrix proteases. Int J Biochem Cell Biol. 2001;33:33.


47. Kobayashi M., Squires G., Mousa A., et al. Role of interleukin-1 and tumor necrosis factor alpha in matrix degradation of human osteoarthritic cartilage. Arthritis Rheum. 2005;52:128.


48. Ulrich J.A., Liebenberg E., Thuillier D., et al. ISSLS prize winner: repeated disc injury causes persistent inflammation. Spine (Phila Pa 1976). 2007;32:2812.


49. Lotz J., Ulrich J. Innervation, inflammation, and hypermobility may characterize pathologic disc degeneration: review of animal model data. J Bone Joint Surg [Am]. 2006;88(Suppl 2):76.


50. Seguin C., Pilliar R., Roughley P., et al. Tumor necrosis factor-alpha modulates matrix production and catabolism in nucleus pulposus tissue. Spine (Phila Pa 1976). 2005;30:1940.


51. Shinmei M., Masuda K., Kikuchi T., et al. Interleukin 1, tumor necrosis factor, and interleukin 6 as mediators of cartilage destruction. Semin Arthritis Rheum. 1989;18:27.


52. Anderson D., Izzo M.W., Hall D.J., et al. Comparative gene expression profiling of normal and degenerative discs: analysis of a rabbit annular laceration model. Spine (Phila Pa 1976). 2002;27:1291.


53. Peng B., Wu W., Hou S., et al. The pathogenesis of discogenic low back pain. J Bone Joint Surg [Br]. 2005;87:62.


54. Burke J., Watson R., McCormack D., et al. Intervertebral discs which cause low back pain secrete high levels of proinflammatory mediators. J Bone Joint Surg [Br]. 2002;84:196.


55. Trout J.J., Buckwalter J., Moore K. Ultrastructure of the human intervertebral disc: II. Cells of the nucleus pulposus. Anat Rec. 1982;204:307.


56. Buckwalter J., Pedrini-Mille A., Pedrini V., et al. Proteoglycans of human infant intervertebral disc: electron microscopic and biochemical studies. J Bone Joint Surg [Am]. 1985;67:284.


57. Hollander A., Heathfield T., Liu J., et al. Enhanced denaturation of the alpha (II) chains of type-II collagen in normal adult human intervertebral discs compared with femoral articular cartilage. J Orthop Res. 1996;14:61.


58. Bushell G., Ghosh P., Taylor T., et al. Proteoglycan chemistry of the intervertebral disks. Clin Orthop Relat Res. 129:115, 1977.


59. Salisbury J., Watt F. Lack of keratan sulphate in the human notochord. J Anat. 1988;157:175.


60. Oegema T.J., Bradford D., Cooper K. Aggregated proteoglycan synthesis in organ cultures of human nucleus pulposus. J Biol Chem. 1979;254:10579.


61. Ghosh P., Melrose J., Cole T., et al. A comparison of the high buoyant density proteoglycans isolated from the intervertebral discs of chondrodystrophoid and non-chondrodystrophoid dogs. Matrix. 1992;12:148.


62. Inerot S., Axelsson I. Structure and composition of proteoglycans from human annulus fibrosus. Connect Tissue Res. 1991;26:47.


63. Antoniou J., Steffen T., Nelson F., et al. The human lumbar intervertebral disc: evidence for changes in the biosynthesis and denaturation of the extracellular matrix with growth, maturation, ageing, and degeneration. J Clin Invest. 1996;98:996.


64. Duance V.C., Crean J., Sims T., et al. Changes in collagen cross-linking in degenerative disc disease and scoliosis. Spine (Phila Pa 1976). 1998;23:2545.


65. Pokharna H., Phillips F. Collagen crosslinks in human lumbar intervertebral disc aging. Spine (Phila Pa 1976). 1998;23:1645.


66. Yokosuka K., Park J., Jimbo K., et al. Advanced glycation end-products downregulating intervertebral disc cell production of proteoglycans in vitro. J Neurosurg Spine. 2006;5:324.


67. Schleicher E., Wagner E., Nerlich A. Increased accumulation of the glycoxidation product N(epsilon)-(carboxymethyl)lysine in human tissues in diabetes and aging. J Clin Invest. 1997;99:457.


68. Pokharna H., Pottenger L. Nonenzymatic glycation of cartilage proteoglycans: an in vivo and in vitro study. Glycoconj J. 1997;14:917.


69. Verzijl N., Degroot J., Oldehinkel E., et al. Age-related accumulation of Maillard reaction products in human articular cartilage collagen. Biochem J. 2000;350:381.


70. Brownlee M., Cerami A., Vlassara H. Advanced glycosylation end products in tissue and the biochemical basis of diabetic complications. N Engl J Med. 1988;318:1315.


71. Kilhovd B.K., Berg T., Birkeland K., et al. Serum levels of advanced glycation end products are increased in patients with type 2 diabetes and coronary heart disease. Diabetes Care. 1999;22:1543.


72. Degroot J., Verzijl N., Jacobs K., et al. Accumulation of advanced glycation endproducts reduces chondrocyte-mediated extracellular matrix turnover in human articular cartilage. Osteoarthritis Cartilage. 2001;9:720.


73. Degroot J., Verzijl N., Bank R., et al. Age-related decrease in proteoglycan synthesis of human articular chondrocytes: the role of nonenzymatic glycation. Arthritis Rheum. 1999;42:1003.


74. Jhawar B., Fuchs C., Colditz G., et al. Cardiovascular risk factors for physician-diagnosed lumbar disc herniation. Spine J. 2006;6:684.


75. Wagner D.R., Reiser K., Lotz J. Glycation increases human annulus fibrosus stiffness in both experimental measurements and theoretical predictions. J Biomech. 2006;39:1021.


76. Yoshida T., Park J., Yokosuka K., et al. Up-regulation in receptor for advanced glycation end-products in inflammatory circumstances in bovine coccygeal intervertebral disc specimens in vitro. Spine (Phila Pa 1976). 2009;34:1544.


77. Iatridis J., Maclean J., Roughley P., et al. Effects of mechanical loading on intervertebral disc metabolism in vivo. J Bone Joint Surg [Am]. 2006;88(Suppl 2):41.


78. Stokes I., Iatridis J. Mechanical conditions that accelerate intervertebral disc degeneration: overload versus immobilization. Spine (Phila Pa 1976). 2004;29:2724.


79. Adams M., Bogduk N., Burton K., et al. The biomechanics of back pain, ed 2. Edinburgh: Churchill Livingstone; 2006.


80. Iatridis J., Setton L., Weidenbaum M., et al. Alterations in the mechanical behavior of the human lumbar nucleus pulposus with degeneration and aging. J Orthop Res. 1997;15:318.


81. Gu W., Mao X., Foster R., et al. The anisotropic hydraulic permeability of human lumbar anulus fibrosus: influence of age, degeneration, direction, and water content. Spine (Phila Pa 1976). 1999;24:2449.


82. Mimura M., Panjabi M., Oxland T., et al. Disc degeneration affects the multidirectional flexibility of the lumbar spine. Spine (Phila Pa 1976). 1994;19:1371.


83. Adams M., McNally D., Dolan P. ‘Stress’ distributions inside intervertebral discs: the effects of age and degeneration. J Bone Joint Surg [Br]. 1996;78:965.


84. Boxberger J., Sen S., Yerramalli C., et al. Nucleus pulposus glycosaminoglycan content is correlated with axial mechanics in rat lumbar motion segments. J Orthop Res. 2006;24:1906.


85. Battié M.C., Videman T., Parent E. Lumbar disc degeneration: epidemiology and genetic influences. Spine (Phila Pa 1976). 2004;29:2679.


86. Battié M.C., Videman T., Gibbons L.E., et al. 1995 Volvo Award in clinical sciences. Determinants of lumbar disc degeneration: a study relating lifetime exposures and magnetic resonance imaging findings in identical twins. Spine (Phila Pa 1976). 1995;20:2601.


87. Battié M.C., Videman T., Kaprio J., et al. The Twin Spine Study: contributions to a changing view of disc degeneration. Spine J. 2009;9:47.


88. Solovieva S., Lohiniva J., Leino-Arjas P., et al. COL9A3 gene polymorphism and obesity in intervertebral disc degeneration of the lumbar spine: evidence of gene-environment interaction. Spine (Phila Pa 1976). 2002;27:2691.


89. Zerba K.E., Sing C. The role of genome type-environment interaction and time in understanding the impact of genetic polymorphisms on lipid metabolism. Curr Opin Lipidol. 1993;4:186.


90. Loughlin J. Genetic epidemiology of primary osteoarthritis. Curr Opin Rheumatol. 2001;13:111.


91. Kalichman L., Hunter D. The genetics of intervertebral disc degeneration: associated genes. Joint Bone Spine. 2008;75:388.


92. Videman T., Levalahti E., Battié M.C. The effects of anthropometrics, lifting strength, and physical activities in disc degeneration. Spine (Phila Pa 1976). 2007;32:1406.


93. Videman T., Gibbons L.E., Kaprio J., et al. Challenging the cumulative injury model: positive effects of greater body mass on disc degeneration. Spine J. 2010;10:26.


94. Holm S., Maroudas A., Urban J., et al. Nutrition of the intervertebral disc: solute transport and metabolism. Connect Tissue Res. 1981;8:101.


95. Ogata K., Whiteside L. 1980 Volvo award winner in basic science. Nutritional pathways of the intervertebral disc: an experimental study using hydrogen washout technique. Spine (Phila Pa 1976). 1981;6:211.


96. Urban J., Holm S., Maroudas A., et al. Nutrition of the intervertebral disk: an in vivo study of solute transport. Clin Orthop Relat Res. 129:101, 1977.


97. Holm S., Selstam G., Nachemson A. Carbohydrate metabolism and concentration profiles of solutes in the canine lumbar intervertebral disc. Acta Physiol Scand. 1982;115:147.


98. Ishihara H., Urban J. Effects of low oxygen concentrations and metabolic inhibitors on proteoglycan and protein synthesis rates in the intervertebral disc. J Orthop Res. 1999;17:829.


99. Grunhagen T., Wilde G., Soukane D., et al. Nutrient supply and intervertebral disc metabolism. J Bone Joint Surg [Am]. 2006;88(Suppl 2):30.


100. Razaq S., Wilkins R., Urban J. The effect of extracellular pH on matrix turnover by cells of the bovine nucleus pulposus. Eur Spine J. 2003;12:341.


101. Kurunlahti M., Tervonen O., Vanharanta H., et al. Association of atherosclerosis with low back pain and the degree of disc degeneration. Spine (Phila Pa 1976). 1999;24:2080.


102. Kauppila L. Prevalence of stenotic changes in arteries supplying the lumbar spine: a postmortem angiographic study on 140 subjects. Ann Rheum Dis. 1997;56:591.


103. Biering-Sorensen F. Physical measurements as risk indicators for low-back trouble over a one-year period. Spine (Phila Pa 1976). 1984;9:106.


104. Caplan P., Freedman L., Connelly T. Degenerative joint disease of the lumbar spine in coal miners: a clinical and x-ray study. Arthritis Rheum. 1966;9:693.


105. Friberg S., Hirsch C. Anatomical and clinical studies on lumbar disc degeneration. Acta Orthop Scand. 1949;19:222.


106. Frymoyer J., Newberg A., Pope M., et al. Spine radiographs in patients with low-back pain: an epidemiological study in men. J Bone Joint Surg [Am]. 1984;66:1048.


107. Kellgren J., Lawrence J. Rheumatism in miners: II. X-ray study. Br J Ind Med. 1952;9:197.


108. Sairanen E., Brushaber L., Kaskinen M. Felling work, low-back pain and osteoarthritis. Scand J Work Environ Health. 1981;7:18.


109. Setton L., Chen J. Cell mechanics and mechanobiology in the intervertebral disc. Spine (Phila Pa 1976). 2004;29:2710.


110. Maclean J., Lee C., Alini M., et al. Anabolic and catabolic mRNA levels of the intervertebral disc vary with the magnitude and frequency of in vivo dynamic compression. J Orthop Res. 2004;22:1193.


111. Maclean J., Lee C., Grad S., et al. Effects of immobilization and dynamic compression on intervertebral disc cell gene expression in vivo. Spine (Phila Pa 1976). 2003;28:973.


112. Adams M., Hutton W. The effect of fatigue on the lumbar intervertebral disc. J Bone Joint Surg [Br]. 1983;65:199.


113. Adams M.A., Hutton W. The relevance of torsion to the mechanical derangement of the lumbar spine. Spine (Phila Pa 1976). 1981;6:241.


114. Adams M.A., Hutton W. 1981 Volvo Award in basic science. Prolapsed intervertebral disc: a hyperflexion injury. Spine (Phila Pa 1976). 1982;7:184.


115. Farfan H., Cossette J., Robertson G., et al. The effects of torsion on the lumbar intervertebral joints: the role of torsion in the production of disc degeneration. J Bone Joint Surg [Am]. 1970;52:468.


116. Farfan H.F. Mechanical disorders of the low back. Philadelphia: Lea & Febiger; 1973.


117. Porter R.W., Adams M., Hutton W. Physical activity and the strength of the lumbar spine. Spine (Phila Pa 1976). 1989;14:201.


118. Kelsey J.L., Hardy R. Driving of motor vehicles as a risk factor for acute herniated lumbar intervertebral disc. Am J Epidemiol. 1975;102:63.


119. Heliovaara M. Occupation and risk of herniated lumbar intervertebral disc or sciatica leading to hospitalization. J Chronic Dis. 1987;40:259.


120. Jensen M., Tuchsen F., Orhede E. Prolapsed cervical intervertebral disc in male professional drivers in Denmark, 1981-1990: a longitudinal study of hospitalizations. Spine (Phila Pa 1976). 1996;21:2352.


121. Frymoyer J., Pope M., Costanza M., et al. Epidemiologic studies of low-back pain. Spine (Phila Pa 1976). 1980;5:419.


122. Kelsey J. An epidemiological study of the relationship between occupations and acute herniated lumbar intervertebral discs. Int J Epidemiol. 1975;4:197.


123. Kelsey J. An epidemiological study of acute herniated lumbar intervertebral discs. Rheumatol Rehabil. 1975;14:144.


124. Bovenzi M., Zadini A. Self-reported low back symptoms in urban bus drivers exposed to whole-body vibration. Spine (Phila Pa 1976). 1992;17:1048.


125. Battié M., Videman T., Gibbons L.E., et al. Occupational driving and lumbar disc degeneration: a case-control study. Lancet. 2002;360:1369.


126. Iwahashi M., Matsuzaki H., Tokuhashi Y., et al. Mechanism of intervertebral disc degeneration caused by nicotine in rabbits to explicate intervertebral disc disorders caused by smoking. Spine (Phila Pa 1976). 2002;27:1396.


127. Uematsu Y., Matsuzaki H., Iwahashi M. Effects of nicotine on the intervertebral disc: an experimental study in rabbits. J Orthop Sci. 2001;6:177.


128. Akmal M., Kesani A., Anand B., et al. Effect of nicotine on spinal disc cells: a cellular mechanism for disc degeneration. Spine (Phila Pa 1976). 2004;29:568.


129. Oda H., Matsuzaki H., Tokuhashi Y., et al. Degeneration of intervertebral discs due to smoking: experimental assessment in a rat-smoking model. J Orthop Sci. 2004;9:135.


130. Brisby H. Pathology and possible mechanisms of nervous system response to disc degeneration. J Bone Joint Surg [Am]. 2006;88(Suppl 2):68.


131. Jensen M., Brant-Zawadzki M.N., Obuchowski N., et al. Magnetic resonance imaging of the lumbar spine in people without back pain. N Engl J Med. 1994;331:69.


132. Carragee E., Paragioudakis S., Khurana S. 2000 Volvo Award winner in clinical studies. Lumbar high-intensity zone and discography in subjects without low back problems. Spine (Phila Pa 1976). 2000;25:2987.


133. Roberts S., Eisenstein S., Menage J., et al. Mechanoreceptors in intervertebral discs: morphology, distribution, and neuropeptides. Spine (Phila Pa 1976). 1995;20:2645.


134. Ozawa T., Aoki Y., Ohtori S., et al. The dorsal portion of the lumbar intervertebral disc is innervated primarily by small peptide-containing dorsal root ganglion neurons in rats. Neurosci Lett. 2003;344:65.


135. Fagan A., Moore R., Vernon Roberts B., et al. ISSLS prize winner. The innervation of the intervertebral disc: a quantitative analysis. Spine (Phila Pa 1976). 2003;28:2570.


136. Niv D., Gofeld M., Devor M. Causes of pain in degenerative bone and joint disease: a lesson from vertebroplasty. Pain. 2003;105:387.


137. Freeman B., Walters R., Moore R., et al. Does intradiscal electrothermal therapy denervate and repair experimentally induced posterolateral annular tears in an animal model? Spine (Phila Pa 1976). 2003;28:2602.


138. Kaapa E., Han X., Holm S., et al. Collagen synthesis and types I, III, IV, and VI collagens in an animal model of disc degeneration. Spine (Phila Pa 1976). 1995;20:59.


139. Kaigle A.M., Holm S., Hansson T. 1997 Volvo Award winner in biomechanical studies. Kinematic behavior of the porcine lumbar spine: a chronic lesion model. Spine (Phila Pa 1976). 1997;22:2796.


140. Lipson S., Muir H. 1980 Volvo award in basic science. Proteoglycans in experimental intervertebral disc degeneration. Spine (Phila Pa 1976). 1981;6:194.


141. Melrose J., Smith S., Little C., et al. Spatial and temporal localization of transforming growth factor-beta, fibroblast growth factor-2, and osteonectin, and identification of cells expressing alpha-smooth muscle actin in the injured anulus fibrosus: implications for extracellular matrix repair. Spine (Phila Pa 1976). 2002;27:1756.


142. Graiani G., Emanueli C., Desortes E., et al. Nerve growth factor promotes reparative angiogenesis and inhibits endothelial apoptosis in cutaneous wounds of type 1 diabetic mice. Diabetologia. 2004;47:1047.


143. Dyck P., Peroutka S., Rask C., et al. Intradermal recombinant human nerve growth factor induces pressure allodynia and lowered heat-pain threshold in humans. Neurology. 1997;48:501.


144. Sullins J.S., Carnes D.L.Jr., Kaldestad R.N., et al. Time course of the increase in trk A expression in trigeminal neurons after tooth injury. J Endod. 2000;26:88.


145. Peng B., Hao J., Hou S., et al. Possible pathogenesis of painful intervertebral disc degeneration. Spine (Phila Pa 1976). 2006;31:560.


146. Fassett D., Kurd M., Vaccaro A. Biologic solutions for degenerative disk disease. J Spinal Disord Tech. 2009;22:297.


147. Kandel R., Roberts S., Urban J. Tissue engineering and the intervertebral disc: the challenges. Eur Spine J. 2008;17(Suppl 4):480.


148. Nishida K., Suzuki T., Kakutani K., et al. Gene therapy approach for disc degeneration and associated spinal disorders. Eur Spine J. 2008;17(Suppl 4):459.


149. Osada R., Ohshima H., Ishihara H., et al. Autocrine/paracrine mechanism of insulin-like growth factor-1 secretion, and the effect of insulin-like growth factor-1 on proteoglycan synthesis in bovine intervertebral discs. J Orthop Res. 1996;14:690.


150. Thompson J., Oegema T.J., Bradford D. Stimulation of mature canine intervertebral disc by growth factors. Spine (Phila Pa 1976). 1991;16:253.


151. Okuda S., Myoui A., Ariga K., et al. Mechanisms of age-related decline in insulin-like growth factor-I dependent proteoglycan synthesis in rat intervertebral disc cells. Spine (Phila Pa 1976). 2001;26:2421.


152. Yoon S.T., Patel N.M. Molecular therapy of the intervertebral disc. Eur Spine J. 2006;15(Suppl 3):S379.


153. Gruber H.E., Fisher E.J., Desai B., et al. Human intervertebral disc cells from the annulus: three-dimensional culture in agarose or alginate and responsiveness to TGF-beta1. Exp Cell Res. 1997;235:13.


154. Masuda K., Imai Y., Okuma M., et al. Osteogenic protein-1 injection into a degenerated disc induces the restoration of disc height and structural changes in the rabbit anular puncture model. Spine (Phila Pa 1976). 2006;31:742.


155. Imai Y., Okuma M., An H., et al. Restoration of disc height loss by recombinant human osteogenic protein-1 injection into intervertebral discs undergoing degeneration induced by an intradiscal injection of chondroitinase ABC. Spine (Phila Pa 1976). 2007;32:1197.


156. Chujo T., An H., Akeda K., et al. Effects of growth differentiation factor-5 on the intervertebral disc: in vitro bovine study and in vivo rabbit disc degeneration model study. Spine (Phila Pa 1976). 2006;31:2909.


157. Masuda K. Biological repair of the degenerated intervertebral disc by the injection of growth factors. Eur Spine J. 2008;17(Suppl 4):441.


158. Wehling P., Schulitz K., Robbins P., et al. Transfer of genes to chondrocytic cells of the lumbar spine: proposal for a treatment strategy of spinal disorders by local gene therapy. Spine (Phila Pa 1976). 1997;22:1092.


159. Nishida K., Kang J., Suh J., et al. Adenovirus-mediated gene transfer to nucleus pulposus cells: implications for the treatment of intervertebral disc degeneration. Spine (Phila Pa 1976). 1998;23:2437.


160. Paul R., Haydon R., Cheng H., et al. Potential use of sox9 gene therapy for intervertebral degenerative disc disease. Spine (Phila Pa 1976). 2003;28:755.


161. Zhang Y., An H., Thonar E., et al. Comparative effects of bone morphogenetic proteins and sox9 overexpression on extracellular matrix metabolism of bovine nucleus pulposus cells. Spine (Phila Pa 1976). 2006;31:2173.


162. Driesse M., Esandi M., Kros J., et al. Intra-CSF administered recombinant adenovirus causes an immune response-mediated toxicity. Gene Ther. 2000;7:1401.


163. Wood M., Charlton H., Wood K., et al. Immune responses to adenovirus vectors in the nervous system. Trends Neurosci. 1996;19:497.


164. Somia N., Verma I. Gene therapy: trials and tribulations. Nat Rev Genet. 2000;1:91.


165. Lawrie A., Brisken A., Francis S., et al. Ultrasound enhances reporter gene expression after transfection of vascular cells in vitro. Circulation. 1999;99:2617.


166. Lawrie A., Brisken A., Francis S., et al. Microbubble-enhanced ultrasound for vascular gene delivery. Gene Ther. 2000;7:2023.


167. Newman C., Lawrie A., Brisken A., et al. Ultrasound gene therapy: on the road from concept to reality. Echocardiography. 2001;18:339.


168. Nishida K., Doita M., Takada T., et al. Sustained transgene expression in intervertebral disc cells in vivo mediated by microbubble-enhanced ultrasound gene therapy. Spine (Phila Pa 1976). 2006;31:1415.


169. Sakai D. Future perspectives of cell-based therapy for intervertebral disc disease. Eur Spine J. 2008;17(Suppl 4):452.


170. Meisel H., Ganey T., Hutton W., et al. Clinical experience in cell-based therapeutics: intervention and outcome. Eur Spine J. 2006;15(Suppl 3):S397.


171. Meisel H., Siodla V., Ganey T., et al. Clinical experience in cell-based therapeutics: disc chondrocyte transplantation A treatment for degenerated or damaged intervertebral disc. Biomol Eng. 2007;24:5.


172. Haufe S., Mork A. Intradiscal injection of hematopoietic stem cells in an attempt to rejuvenate the intervertebral discs. Stem Cells Dev. 2006;15:136.
















Chapter 14 Definition and Assessment of Dysfunctional Segmental Motion




Serkan Inceoğlu, Edward C. Benzel









Biomechanics of Stable Motion Segment


The spine is responsible for providing a smooth motion of the trunk in all planes of motion, while protecting the neural structures. The smallest unit of the spine that exhibits the biomechanical characteristics of the spinal column is termed a motion segment or functional spinal unit (FSU), and is composed of two vertebral bodies and a disc.


Normal motion of vertebral bodies relative to each other is provided by the soft connective tissue, such as the intervertebral discs and ligaments. Ligaments can only resist tensile loading owing to their fibrous hierarchical structures. Normal motion of the healthy spine is realized through the harmonic interaction of the ligaments with the unique design of gross spinal anatomy. During sagittal motion, for instance, dorsal ligaments (posterior longitudinal, capsule, interspinous, and supraspinous ligaments) are activated in flexion while the others are at rest. In extension, the anterior longitudinal ligament and, to varying degrees, the capsular ligaments, are stretched while the others are at rest.


This functional order of the ligaments is orchestrated by the center of rotation of the FSU, which is located toward the dorsal one third of the disc space in the healthy spine. The line connecting the centers of rotation for all vertebral levels is termed the neutral axis of the spine. A load passing through this line would theoretically cause pure compression of the spine, with no rotation and bending moment. Moreover, in flexion, ligaments dorsal to this axis would be stretched and those ventral would be lax. Similarly, in extension, ligaments ventral to this axis would be stretched and those dorsal would be lax. Any change in the location of the neutral axis would influence the function of the ligaments, and vice versa.


The contribution of the disc to spinal motion is more complex than that of the ligaments. In a healthy disc, the gel-like nucleus is filled with water, thanks to the water-trapping proteoglycans. It is nearly incompressible and is pressurized in the unloaded state. When loaded, the nucleus resists compression by pushing against the end plates and the surrounding anulus fibrosus. The anular lamellae, which are compacted and pressurized by the transverse loads exerted by the nucleus, become stiffer and capable of resisting compressive loading exerted by the vertebral bodies. With the aforementioned in mind, it is noted that the water content of the disc plays a key role in maintenance of disc height and FSU biomechanics.









Biomechanics of a Dysfunctional Motion Segment


Dysfunction of a motion segment refers to the functional state of the disc associated with pathologic or abnormal motion segment biomechanics. The most common cause of such dysfunction is disc interspace degenerative changes. With dysfunctional segmental motion, “mechanical pain” may arise. Mechanical back pain is characterized as a deep and agonizing pain that is worsened with loading and relieved with unloading. This triad (deep and agonizing, worsened by loading the spine, and improved by unloading the spine) clinically characterizes mechanical pain and represents the clinical correlate of dysfunctional segmental motion.


Degenerative changes initially influence the structural elements of the spine, particularly the disc. These changes, in turn, result in pathologic motion of the FSU. The most striking biomechanical reflection of degenerative changes is observed in the stiffness characteristics of FSU motion. The loss of water content in the nucleus pulposus results in a decreased central disc interspace pressure. This results in a less taut anulus fibrosus and a decrease in the ability of anular layers to withstand applied compressive and tensile forces. In advanced stages of the degenerative cascade, the anulus fibrosus loses its mechanical strength because of fissures and clefts in the lamellae. The overall effect of these changes is a diminution of stiffness and a resultant laxity of the FSU.


Biomechanical evaluation of the FSU is achieved mainly through cadaveric specimen studies. Much of the body of knowledge regarding spinal biomechanics is based on in vitro assessment of specimens obtained from fresh-frozen cadavers. Specimens, stripped of musculature, are loaded to predetermined bending load levels to quantify the biomechanical response of the FSU. Although limited, the in vitro analysis of FSU motion can be highly controlled and detailed. Numerous researchers studying in vitro FSU biomechanics have shown that the response of the FSU to external loading is associated with two characteristic flexibility zones: the neutral zone (NZ) and the elastic zone (EZ). The NZ is a segment of the flexibility curve within which small loads can generate large displacements. The EZ is a segment within which lesser displacements result from greater load application—without causing mechanical injury to the spine. The sum of the two zones (neutral plus elastic zones) comprises the total range of motion (ROM) of the spine under physiologic loading conditions.


It has been suggested that the width of the NZ is the best indicator of spinal instability (due either to injury or degeneration).1-5 Panjabi et al. studied the influence of traumatic ligamentous injury on the stability of the thoracolumbar spine.6 They demonstrated that both ROM and the NZ increased after destabilizing trauma. However, the NZ was observed to be a more sensitive indicator of instability.


Mimura et al. studied multidirectional flexibility of FSUs with a variety of degeneration grades.7 They observed that the ROM decreased in the sagittal and lateral planes and increased in axial rotation. In addition, they noted an increase in the laxity at the joint, which was associated with the instability index (the ratio of the NZ to the ROM; i.e., the NZ ratio).


Tanaka et al. investigated the effect of degeneration on the flexibility of 114 FSUs obtained from 47 cadaveric lumbar spines.8 They categorized specimens in five degeneration grades based on radiographic (MRI) and cryomicrotome section analyses. All specimens were tested biomechanically for flexion, extension, lateral bending, and axial rotation. Rotations and translations were recorded. Both techniques seemed to be in an agreement regarding the advanced stages of degeneration, more so than for early stages. The investigators did not report any data regarding the NZ, but did demonstrate that the upper lumbar FSUs were associated with a significantly increased ROM (in rotations and translations) during sagittal bending and axial rotation as the degeneration progressed toward grade IV. ROM decreased at the grade V level. For the lower lumbar FSUs, ROM increased up to the grade III level of degeneration, followed by a decrease at grades IV and V. This observation was statistically significant only during axial rotation and lateral bending.


Schmidt et al. investigated the stiffness of cadaveric lumbar motion segments with radial tears in discs detected by MRI and cryomicrotome sections under sagittal, lateral, and axial rotations.9 They used normal control specimens (n = 4) and degenerated specimens (n = 16) with radial tears in the anulus. Specimens with radial tears exhibited loss of stiffness at varying degrees in all planes of motion.


Zhao et al. studied the effect of the depressurized nucleus fibrosus with end plate disruption on FSU motion characteristics.10 Twenty-one thoracolumbar motion segments, of which four were normal, were studied. Sixteen specimens had pre-existing moderate degeneration, and one had pre-existing severe degeneration. All specimens were tested for bending motion using an eccentric (i.e., off-axis) axial loading mechanism. The investigators loaded the specimen in creep (i.e., prolonged exposure to a constant load) to remove the water content from the nucleus and then loaded the specimen in compression-to-failure to generate end plate disruption, which simulated advanced degeneration. They monitored their procedures by pressure measurements within the disc. The comparison of the flexibility tests before and after the degeneration-inducing maneuvers demonstrated that there were substantial increases in NZ and ROM as well as the instability index (NZ/ROM) in flexion and lateral bending.


Fujiwara et al. studied the effects of disc degeneration and facet joint osteoarthritis on the segmental flexibility of the lumbar spine.11 They graded the degeneration (grades I to V) of 110 lumbar motion segments obtained from 19 female and 25 male cadavers using MRI films and biomechanical tests. They observed an increase in ROM in axial rotation, flexion, and extension as the degeneration advanced (grades II to IV), followed by a decrease at degeneration grade V. In lateral bending, ROM increased at grade III and decreased in more advanced levels. This observation was true for both sexes.


Gay et al. studied the effect of degeneration on spinal flexibility during stepwise loading and continuous loading conditions in an in vitro evaluation.12 The NZ and ROM have been observed to be larger with stepwise loading compared with continuous loading.13 The effect of degeneration on spinal flexibility had not previously been studied for both assessment techniques in the same experimental model. Gay et al. demonstrated that the NZ and ROM, assessed using both stepwise and continuous loading techniques, showed a trend similar to that observed with macroscopic evaluation of disc degeneration. In other words, spinal flexibility increased with degeneration up to grade III and decreased at grade IV.


Oxland et al. investigated the relationship between bone density, disc degeneration, and flexibility in cadaveric spinal specimens.14 They demonstrated a significant increase in ROM in axial rotation, as well as a significant decrease in the NZ in lateral bending, as the degeneration grade increased. There were no significant changes observed in ROM and NZ associated with degeneration level during sagittal motion. In this study, the investigators used axial loading during bending testing to simulate muscle forces, which may have influenced the alterations of the NZ.


There are ample data supporting the destructive effect of degeneration on spinal stability (at least at the early stages of the degeneration cascade). Evidence, however, is lacking regarding characterization of NZ and ROM behavior changes that occur with degeneration, despite strong theoretical foundations. The causes of this deficiency may lie in the variation in biomechanical testing protocols from laboratory to laboratory, the subjectivity associated with grading degeneration, and the adaptive changes in the FSU in response to disc degeneration.









In Vivo Assessment of Three-Dimensional Functional Spinal Unit Kinematics


In addition to the aforementioned limitations associated with the assessment and characterization of the NZ and ROM, an intrinsic deficiency of in vitro biomechanical testing is the fact that muscle forces cannot be accurately reproduced. Therefore, the natural motion of the spine is not properly reproduced in the laboratory setting. Thanks to developments in technology, the detailed in vivo assessment of three-dimensional (3D) spinal kinematics has become feasible and popular.


External markers that are percutaneously attached to the pedicles or spinous processes have been used to assess spinal motion in vivo. Rozumalski et al. analyzed the motion of the lumbar spine during walking with markers attached to the spinous processes of 10 healthy subjects.15 They reported intervertebral rotations in all planes during walking. Dickey et al. investigated the correlation of pain and vertebral motion in patients with chronic low back pain using external fixators attached to the pedicles.16 Although these techniques have produced invaluable data, they have not gained wide acceptance because of patient-associated risks and pain.


MRI provides a noninvasive technology for researchers to analyze in vivo spinal kinematics. Fujii et al. measured intervertebral motion in the lumbar spine in 10 healthy subjects. They applied passive trunk rotations using a rotation device tightly strapped to the pelvis, while the shoulders were fixed.17 They measured lumbar 3D kinematics from neutral to maximum position with 15-degree passive pelvic axial rotation increments. Each step required a 5-minute imaging time. The researchers successfully measured the intervertebral rotations and translations in all planes. The main shortcoming of the study was the fact that the fixed axis of rotation of the device was not designed to be coaxial with that of the subject’s spine. This could result in non-natural rotation.


A dual-fluoroscopy approach has also been used to quantify the 3D kinematics of the human spine. Although this technique is associated with radiation exposure to the subject, it is otherwise noninvasive and allows unrestricted normal motion of the trunk. Li et al. studied the intervertebral motion of the lumbar spine in all planes in 11 asymptomatic subjects.18 3D reconstructed images of subjects in neutral posture were registered with images obtained with using dual fluoroscopy during sagittal, axial, and lateral motions. They reported rotations and translations in all planes.


Ahmadi et al. analyzed the kinematics of lumbar motion in patients with lumbar segmental instability using video-assisted fluoroscopy.19 They compared 15 matched healthy subjects with patients with chronic low back pain who were diagnosed with lumbar instability according to the clinical test of Hicks et al.20 The authors reported significant differences in intersegmental sagittal translations at the L5-S1 level. They also showed that the instant axis of rotation moved in a larger area for patients with low back pain compared with healthy control subjects at both the L1-2 and L5-S1 levels.


Passias et al. recently compared in vivo lumbar segmental motion between patients with low back pain and healthy control subjects.21 All patients with low back pain had pathology at the L4-5 and L5-S1 discs, which was confirmed clinically and radiographically. Significant differences were observed between the degenerative and control group ROMs at the L3-4 disc in lateral bending and axial rotation, and at the L4-5 disc in flexion.


Although assessment of the effect of degeneration on FSU motion would be best accomplished by in vivo studies, the quality and extent of the data that can be obtained in vivo are not as great as in in vitro analyses. Moreover, assessment of the extent of disc degeneration is an important factor inhibiting a fair comparison of the data in the literature.


Nevertheless, it is apparent that changes in spinal flexibility (i.e., ROM) increase at degenerated levels, as shown in both in vitro and in vivo studies. With future advances in technology, researchers will most certainly be able to categorize the quality and quantity of these changes in relation to degeneration and pain. Such advances will greatly assist surgeons in the surgical decision-making process.
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Chapter 15 Bone Modeling and Remodeling




Fernando Techy





The structure and composition of bone provide it with excellent failure resistance while retaining relatively low mass. These are close to ideal properties for its function within the musculoskeletal system. Even though frequently perceived as an inert material, bone is an extremely live tissue with extensive remodeling activity in response to injuries or simple wear due to everyday stresses. Its high metabolic activity plays a fundamental role in the body’s mineral homeostasis, and yet it gives bone a unique characteristic among tissues: the ability to heal without scar formation.


This chapter discusses bone structure, cells, and extracellular matrix, the mechanical and chemical stimulants and inhibitors of bone activity, and the interaction among these components that leads to bone formation and remodeling both in physiologic situations and in response to injury.






Types of Bone


Based on general shape, bones can be classified into three groups: short, flat, and long or tubular. The femur, tibia, and phalanges are examples of long bones. Tubular or long bones have an expanded metaphysis and an epiphysis at either end of a thick cortical wall diaphysis.1 The shaft (diaphysis) is responsible for withstanding primarily torsional and bending stresses, whereas the metaphyseal portion, with its greater deformation under the same load, has become specialized in absorbing impact to protect the articular cartilage.1-3


Short bones, such as the vertebral bodies and tarsal and carpal bones, measure approximately the same length in all dimensions and are roughly cuboid in shape, with slight variations. They are all mainly composed of loose trabecular bone, like the metaphysis of the long bones. The main function of this bone aggregate is, again, absorbing the body’s weight. The carpals and tarsals have very thin cortices,1 whereas the vertebral bodies have a thin shell of compact trabecular bone with no true cortical structure.3


The iliac crests, the skull vault, and the vertebral laminae are examples of flat bones.


Long and short bones ossify using a previously formed cartilage model (endochondral ossification), whereas flat bones form from the condensation and mineralization of loose mesenchymal tissue (intramembranous ossification).3,4 A third type of ossification that occurs when osteoblasts line the periosteum of an existing bone surface and start secreting osteoid in layers, hence making the bone thicker, is termed appositional3-6


Immature bone is woven.1,3,4,7,8 It is found in the embryonic skeleton, fracture callus, and bone neoplasms. It is less organized, weaker, and more flexible, and has increased turnover compared with mature bone. Woven bone does not have the ability to remodel following the stress pattern.1,3,4


Mature bone is lamellar.1,3,4,7,8 Lamellar bone is stress oriented, stronger, and less flexible, and has slower turnover compared with woven bone.1,3,4 There are two different types of lamellar bone: cortical (compact) and cancellous (spongy or trabecular).1,3,4,8-12 Even though cortical and cancellous bone have the same structure and composition, their mechanical properties are very different because of their differences in density and distribution.9,13 Cancellous bone is 50% to 90% porous, whereas cortical bone has a porosity of approximately 10%. This difference in density makes cortical bone 10 times stronger in compression than the trabecular variant.8,14-16


Cortical bone, composed of tightly packed osteons, makes up 80% of the skeleton.1,4,10 Trabecular bone has a surface area per unit volume approximately 20 times that of cortical bone. Almost all of its cells lie between lamellae or on the surface of trabeculae, in close contact with the bone marrow, which makes them much more metabolically active than the cortical bone cells surrounded by bone matrix.9,17









Bone Formation


The formation and maintenance of the skeleton require that bone be produced constantly. Osteoblasts fabricate bone in response to many stimuli and under different conditions, including growth, physiologic remodeling, fracture healing, and heterotopic ossification.18-20 Several studies have also shown that new bone is formed in response to tumors and infections.21-24 It has been shown that osteoblasts have the ability to form bone during distraction osteogenesis,25-31 depositing new bone in the void initially filled by autologous or allogenic bone graft, demineralized bone matrix, or synthetic bone substitutes. In anterior cervical discectomy and fusion (ACDF) and plating, a 97.5% rate of fusion with new bone formation has been achieved with either autograft or allograft.32 In a recent study, Jensen et al. showed an 86% union rate after single- and multiple-level ACDF using patellar allograft and plating.33 In a study from Japan, Momma et al. reported complete bone remodeling on CT scan 6 to 12 months after the use of β-tricalcium phosphate to fill a partial vertebrectomy defect created for cervical decompression surgery.34






Vertebral Bone Formation


Because the vertebrae are short bones, they ossify through endochondral ossification.3-5 The process begins with the concentration of undifferentiated cells that transform into chondrocytes and secrete a hyaline or hyaline-like cartilaginous matrix.5,6,10,35,36 The chondrocytes enlarge and vascular buds invade the cartilage, bringing other progenitor cells that differentiate into osteoblasts that in turn start forming bone on the cartilaginous frame. Osteoclasts then reabsorb the ossified cartilage and immature bone. Osteoblasts finally fill this space with mature lamellar bone.3-5









Ossification Centers of the Vertebrae


By the sixth gestational week, centers of cartilage formation (chondrification) develop in each vertebra. Two chondrification centers develop in each half of the central vertebral body. A hemivertebra occurs when these centers fail to form in one side of the vertebral body. Centers of cartilage formation also develop in each half of the vertebral arches. Next, cartilaginous transverse and spinous processes develop from the primitive arches.37 It has been shown that bone morphogenetic protein 4 is required for the development of the cartilaginous spinous process.38


The primary ossification centers develop in utero. In the vertebra, three primary centers form around the eighth week of gestation. One is located in the center of the body and one in each vertebral arch. Bone forms on the pre-existing vertebral cartilage template.3-537 Primary ossification begins in the lower thoracic spine, then progresses in the cranial and caudal directions.39 The five secondary centers of ossification develop after birth: one at the tip of the spinous process, one at the tip of each transverse process, and one anular center at the ventral portion of the superior and inferior end plates. They start to ossify at approximately 15 to 16 years of age and fuse with the remaining osseous vertebra by the middle of the third decade of life.37,40












Bone Modeling and Remodeling


In general, modeling alludes to bone turnover that alters the shape of the bone, whereas remodeling is the turnover that recycles bone without changing its shape. Bone turnover approaches 100% during the first year of life.41 Most of the bone turnover during skeletal growth derives from modeling. After the completion of skeletal growth, bone turnover results primarily from remodeling. Bone modeling and remodeling are the end results of the activity of a vast array of cells that work in harmony to create bone while maintaining the body’s mineral homeostasis.3-510






Bone Modeling during Growth


During growth, coordinated osteal resorption and formation change the size and shape of bone.17 The physes grow and make the bone longer and narrower. The metaphysis also changes its shape, becoming narrower to match the rest of the bone. Appositional periosteal ossification increases the diaphysial diameter.5 At the same time, the cortices becomes thinner and the medullary canal larger owing to intensified bone resorption on the endosteal side.42,43









Physiologic Bone Remodeling after Growth


Throughout life, in situ removal and replacement of bone take place without changing bone form or density. Remodeling occurs on both the surface and the interior of the bone (internal remodeling). Both processes basically start with osteoclast activation. Internal remodeling commences with osteoclasts reabsorbing bone by cutting conical spaces through old osteonal systems.3-5,17,44 Spindle cells, osteoblasts, and blood vessels fill the conical spaces cut by the osteoclasts. Osteoblasts deposit successive lamellae of new osteoid matrix, which will later mineralize. It takes about 50 osteoblasts to fill the cone cut by 1 osteoclast. Internal remodeling is seen in cortical bone.


Surface remodeling occurs on trabecular (which comprises most of the vertebral body), endosteal, and periosteal bone and is very similar to internal remodeling, except that instead of cutting cones, osteoclasts run on the surface of the lamellae excavating a cavity, the so-called Howship lacuna. The rest of the process resembles internal remodeling. Physiologic remodeling serves to repair damaged bone matrix as well as to maintain mineral homeostasis.3-5









Bone Modeling and Remodeling and the Basic Multicellular Unit


Bone modeling and remodeling are performed by the basic multicellular unit (BMU), a temporary anatomic structure comprising osteoclasts and osteoblasts that replace older packets of bone with new bone tissue.44,45


Osteoclasts are derived from hematopoietic stem cells. They exit the circulation close to the site to be remodeled.45 The mononuclear hematopoietic cell’s fusion into a polykaryon (immature osteoclast) requires the presence of macrophage colony-stimulating factor (M-CSF), a growth factor, and the receptor activator of nuclear factor κB ligand (RANKL), a tumor necrosis factor produced by osteoblasts.46,47 Further differentiation of the immature osteoclast occurs under the influence of RANKL and many other genes, including the activator protein-1 (AP-1) family member c-fos,48,49 microphthalmia-associated transcription factor (MITF),50,51 and nuclear factor of activated T cells, calcineurin dependent-1 (NFAT-c1).51,52


The receptor on the osteoclast for RANKL is called RANK.53 Concomitantly, another factor, also produced by stromal cells and osteoblasts, was found that inhibits the activity of RANKL; it was named osteoprotegerin (OPG).54 OPG is a soluble decoy receptor for RANKL, and its function is to reduce osteoclastogenesis by competitively occupying the stromal RANKL binding sites on osteoclast RANK receptors.55-57 The RANKL/OPG signaling axis provides a mechanism through which stromal cells control osteoblastic activity. Factors that exhibit a strong effect on resorption (e.g., parathyroid hormone, prostaglandins, interleukins, vitamin D, and corticosteroids) all signal to the osteoblast/stromal cell, which then appears to translate the message to the osteoclast through the RANKL/OPG axis.58 The only exception to this is the hormone calcitonin, which does not use the RANKL/OPG axis, instead acting directly on the osteoclast receptors.3,4 The mature osteoclast then engages in bone resorption by peripheral attachment to the bone matrix using the β3 integrin,59 which creates a microcompartment between the osteoclast’s ruffled basal border and the bone surface. Hydrogen ions are pumped into the compartment by the osteoclast to digest the mineral component. Next, protease is released to degrade the organic matrix60 (Fig. 15-1).





[image: image]

FIGURE 15-1 Osteoprotegerin (OPG), receptor activator of nuclear factor κB (RANK), and RANK ligand (RANKL) are produced selectively by numerous cell types and a variety of tissues, such as lymphocytes, osteoblasts, and endothelial cells. There are three main biologic systems where this molecular triad is particularly important, the osteoarticular, immune, and vascular systems. RANKL is not only a dendritic cell survival factor, but strongly induces osteoclastogenesis and then bone resorption through its binding to RANK. OPG inhibits osteolysis and blocks RANKL-RANK interaction. Although the OPG/RANK/RANKL triad is the main modulator of bone apposition-resorption coupling, other controls of osteoclastic differentiation also exist, such as tumor necrosis factor-α (TNF-α) and interleukin-1 (IL-1), which can modulate the biologic activities of the triad. OPG/RANKL/RANK should be considered as an osteoimmunomodulator complex.


(From Theoleyre S, Wittrant Y, Kwan Tat S, et al: The molecular triad OPG/RANK/RANKL: involvement in the orchestration of pathophysiological bone remodeling. Cytokine Growth Factor Rev 15:457–475, 2004.)





Osteoblasts are derived from mesenchymal stem cells from the bone marrow and periosteum.3-545 Expression of the transcription factors runt-related transcription factor-2 (Runx2), distal-less homeobox-5 (Dlx5), msh homeobox homologue-2 (Msx2),61-65 and osterix (Osx), as well as activation of several components of the Wnt signaling pathway,62,66-69 are required for osteoblastic differentiation (Fig. 15-2).
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FIGURE 15-2 Schematic representation of the role of Wnt signaling in osteoblast differentiation and function and, indirectly, in osteoclast differentiation and activation. OPG, osteoprotegerin; RANKL, receptor activator of nuclear factor κB ligand.


(From Baron R, Rawadi G, Roman-Roman S: Wnt signaling: a key regulator of bone mass. Curr Top Dev Biol 76:103–127, 2006.)





The mature osteoblast produces proteins like type I collagen, osteocalcin, and alkaline phosphatase, the latter a key enzyme in bone mineralization. Osteoblasts become entrapped in their own osteoid matrix and extrude long cytoplasmic processes to remain in contact with surrounding cells.70 They then start expressing a whole new set of genes to continue bone turnover and maintain mineral homeostasis. These cells are now considered osteocytes, the mature bone cell45 (Fig. 15-3).





[image: image]

FIGURE 15-3 Osteocyte morphology. Left, Scanning electron micrograph of isolated osteocytes in culture. After attachment, osteocytes form cytoplasmic extrusions in all directions. Right, Scanning electron micrograph of osteocytes embedded in calcified bone matrix. Note the many cell processes radiating from the osteocyte cell bodies. Magnification ×1000.


(From Klein-Nulend J, Bacabac RG, Mullender MG: Mechanobiology of bone tissue. Pathol Biol [Paris] 53:576–580, 2005.)












Age-Related Bone Remodeling (Bone Loss)


Bone density changes drastically with age.3-5,41,45,71 Peak bone mass is reached approximately 10 years after cessation of skeletal growth. Subsequently, bone mass begins to decline and reaches approximately 50% of its peak value by the eighth or ninth decade of life.5 Men lose an average of 30% less bone mass than women in a lifetime. In women, extensive loss of bone density starts immediately after menopause and lasts for about 10 years. It is believed to be closely related to the decline in estrogen levels.41,72-74 Trabeculae decrease more in number than in thickness and the rate of endosteal resorption begins to exceed the amount of periosteal apposition. The bone, with fewer trabeculae and thinner cortices, becomes more fragile. Interestingly, Jaworski and Uhthoff have demonstrated that loss of bone mass due to disuse is caused by increased endosteal resorption in older dogs but mainly by slowing of periosteal apposition in younger dogs with growing skeletons.75,76












Modeling and Remodeling in Response to Mechanical Forces


For many years, the effect of mechanical forces on bone remodeling has intrigued investigators. In the 17th century, Galileo had already noted the correlation of bone size and body weight and activity.77 In the 19th century, Wolff made the landmark observation that bone structure and remodeling have a clear relationship with loading, and that this association can be expressed mathematically.3-5 The adaptive changes of bone in response to loading are therefore frequently referred to as following Wolff’s law. Several studies have shown that bone adapts to loading and that maintenance of adequate bone density requires cyclic loading.78-83 Goodship et al. have experimentally proved with animal studies that after resection of the ulna, the radius increases in size and compensates or nearly compensates for the loss.78 Excessive repetitive loading and vigorous exercise are also known to stimulate bone formation.79,80 Increased shaft circumference and bone density have been noted on the dominant humerus of tennis players.81,82 Although not precisely quantified, the absence of loading has a negative effect on bone mass. Uhthoff et al. have reported on loss of bone mass after immobilization/bed rest due to skeletal traction, and adjacent to rigid implants.76,83


Regaining bone mass after prolonged disuse may take several months, even in children. In some individuals, especially the elderly, it may never return to its previous level.5 Disuse results in suppressed periosteal apposition in growing bone and enhanced endocortical resorption in mature bone.75,76






Mechanotransduction


It is currently believed that the mechanical adaptation of bone is governed by the osteocytes, which respond to a loading-induced flow of interstitial fluid through the lacuno-canalicular network by producing signaling molecules70 (Fig. 15-4).





[image: image]

FIGURE 15-4 Model for the transduction of mechanical strain to osteocytes in bone. The diagram at left depicts the network of osteocytes and lining cells of a piece of bone tissue under stress (vertical arrows). Loading results in flow of interstitial fluid in the canalicular nonmineralized matrix (horizontal arrow).


(From Klein-Nulend J, Bacabac RG, Mullender MG: Mechanobiology of bone tissue. Pathol Biol [Paris] 53:576–580, 2005.)





It has been shown that mechanical load induces fluid flow in the canalicular network.84 Weinbaum et al. suggested that this fluid flow is a physical mediator of mechanosensing by osteocytes in vivo.85 The osteocytes respond to mechanical stimuli with the production of signaling molecules that modulate the activities of osteoblasts and osteoclasts, thus converting mechanical stimuli into cellular signals that affect bone modeling and remodeling.86


Loading results in adaptive changes in bone, making it stronger. This adaptive response is regulated by the ability of resident bone cells to perceive and translate mechanical energy into a cascade of structural and biochemical changes within the cells, a process known as mechanotransduction44


Osteocytes probably do not respond directly to mechanical strain (deformation) of bone tissue, but respond indirectly to extracellular fluid flow caused by loading. When osteocytes and osteoblasts are subjected to these changes in fluid pressure, they release several bone-forming growth factors, including nitric oxide and prostaglandins.86 Certain prostaglandins, particularly PGE2, are anabolic with a demonstrated capacity to stimulate osteoblast activity and new bone formation.87 Nitric oxide, a strong inhibitor of bone resorption, works in part by suppressing the expression of RANKL and increasing the expression of OPG.88


Fluid flow along cell bodies produces drag force, fluid shear stress, and an electric potential. Each of these signals might activate bone cells, although cell culture experiments by Hung et al. and Reich et al. suggest that cells are less sensitive to electrical potentials than they are to fluid forces.89,90


There are several hormones that might amplify or transduce the effects of mechanical loading, including parathyroid hormone,91 estrogen,92 and insulin-like growth factors.93 Sawakami et al. suggest that an important event linking mechanical loading to bone formation is Wnt signaling through the LRP5 receptor pathway.94












Genetic Factors


Bone modeling and remodeling can be deeply affected by genetic imprint. Diseases like osteogenesis imperfecta, fibrodysplasia ossificans progressiva, and pycnodysostosis result from well-established genetic abnormalities.95-97 The same holds true for some types and grades of osteoporosis.98









Systemic Hormones


The hormones that most directly affect bone turnover and mineral hemostasis are parathyroid hormone (PTH) and calcitonin. Vitamin D also plays an important role. Modeling and remodeling of bone and mineral hemostasis are secondarily influenced by thyroxine (thyroid hormone), glucocorticoids, and estrogen.3-5


PTH is a single-chain polypeptide secreted by the chief cells of the parathyroid gland. It increases extracellular calcium levels by raising the renal tubular reabsorption of calcium and also by intensifying calcium release from bone due to increased bone resorption. PTH also stimulates the production of 1,25-dihydroxyvitamin D, which increases renal and gastrointestinal absorption of calcium, as well as its release from bone.3-5


Calcitonin is a polypeptide synthesized by the C cells of the thyroid gland. It lowers serum calcium levels by inhibiting osteoclastic bone resorption.3-5,99,100 Contrary to PTH, which acts on the osteoblasts to activate osteoclasts, calcitonin has a direct effect on osteoclast inhibition.3,4


The active form of vitamin D (1,25-dihydroxyvitamin D) is formed in the kidneys. Although its primary function is to increase the blood level of calcium by increasing calcium absorption in the gut and kidneys, it is also a powerful stimulator of bone resorption by osteoclasts.4,5,101,102


Thyroid hormone can stimulate resorption of bone by osteoclasts that can lead to loss of bone mass.103-106 Recent studies suggest that the bone loss seen in hyperthyroidism may be caused by the catabolic action of the elevated thyroid hormone itself or by the decreased anabolic action of thyroid-stimulating hormone.105,106


Glucocorticoids decrease bone mass not only by decreasing osteoid formation through osteoblast inhibition, they increase bone resorption by stimulating osteoclast activity.107 Studies have found that glucocorticoids cause an early and profound reduction in formation of bone through direct inhibition of osteoblasts.108,109 Glucocorticoids also increase bone resorption by stimulating production of OPG-L and inhibiting the production of OPG by osteoblasts, hence stimulating bone resorption by osteoclasts.110 Glucocorticoids have also been shown to stimulate the apoptosis of osteoblasts.111


Finally, estrogens exert a series of complex effects on bone, either directly by inhibiting bone resorption and total turnover or indirectly by acting on calcitonin, vitamin D, or parathyroid hormone.5 A recent study suggests that estrogen partially controls osteoblast and osteoclast function, is possibly involved in regulating mechanotransduction, and also interacts with the Wnt/β-catenin pathway.112









Exercise


Various authors have demonstrated that repetitive bone loading increases bone mass and decreased loading reduces it.75-83 Brighton et al. demonstrated that cyclical strain can stimulate bone cell function in culture.113,114 It is currently accepted that loading results in adaptive changes in bone, making it stronger. Bone’s adaptive response is regulated by the ability of resident bone cells to perceive and translate mechanical energy into a cascade of structural and biochemical changes within the cells, a process known as mechanotransduction44,45


Strain is defined as the deformation or change in dimension or shape caused by a load in any structure or structural material. Strain is expressed in microstrain units (millionths of a 100% strain), where 1000 microstrain units in compression would shorten a bone by 0.1% of its length.115 The amount of strain suffered by the bone during load application also influences the organization and density of newly formed bone. Minimal strain will cause the formation of a dense, well-organized bone. Moderate strain will result in formation of less dense, woven bone.116 A large amount of strain will lead to the formation of fibrous tissue. All of these strain effects are probably mediated through the mechanotransduction pathway.









Prostaglandins and Growth Factors


Cytokines play an important role in local control of normal bone turnover, as well as in neoplastic and inflammatory conditions. Cytokines can be divided into those that primarily form bone, those that primarily cause bone resorption, and those that do both. Interleukin (IL)-1 stimulates the resorption of bone by increasing the proliferation of osteoclast precursors and enhancing their activity.117-120 IL-1 stimulates osteoclasts through up-regulating activity of the RANK system.119,120 IL-1 has been also associated with the bone resorption of chronic inflammation and malignancy.5,120 Platelet-derived growth factor, IL-1, and IL-6 have been shown to be present at the implant-bone interface, contributing to the osteolysis that loosens joint implants.121-123 Debris from total-joint arthroplasties is associated with the secretion of proinflammatory cytokines such as IL-1β, tumor necrosis factor-α, IL-6, and IL-8. Activation of local (and systemic) inflammation results not only in decreased osteoblast function but in increased osteoclast activity.123 There is evidence that transforming growth factor beta (a member of the bone morphogenetic protein family) is released during bone resorption and that its presence further inhibits osteoclasts and stimulates osteoblastic activity.124,125


Certain prostaglandins, particularly PGE2, are anabolic and have a demonstrated capacity to stimulate osteoblast activity and new bone formation.87 As mentioned previously, nitric oxide is a strong inhibitor of bone resorption and works in part by suppressing the expression of RANKL and increasing the expression of OPG, which in turn leads to decreased recruitment of osteoclasts.88


Bone morphogenetic proteins (BMPs) are a group of growth factors originally defined by their ability to induce the formation of bone and cartilage. Seven proteins from this group were initially discovered. Of these, six (BMP2 through BMP7) belong to the transforming growth factor beta superfamily of proteins, whereas BMP1 is a metalloprotease involved in cartilage development. Since then, more BMPs have been discovered, making a total of approximately 20 today.126 Induction of bone formation by BMP is a sequential cascade. The key steps in this process are chemotaxis, mitosis, and differentiation, as shown in early studies by Reddi and Huggins.127 BMPs are known to stimulate osteoblasts and inhibit osteoclasts.124,125 Currently, only BMP2 is approved by the U.S. Food and Drug Administration for use in humans as a bone growth inducer.


In summary, modeling refers to bone turnover that alters its shape, whereas remodeling is the recycling of bone without changing its form. Modeling and remodeling occur as physiologic responses to everyday stresses and microtrauma to bone, or to repair a greater insult such as a fracture, infection, or neoplasm. This complex mechanism is also fundamental to maintaining mineral homeostasis. Bone modeling/remodeling is performed by a vast array of cells and is regulated by a variety of mechanisms that range from cyclic loading of bone and mechanotransduction to hormones, local growth factors, and specific genes and proteins. Although it has been a subject of inquiry for hundreds of years, we are only now starting to understand the biomolecular interactions that underlie the coexistence of bone modeling, remodeling, and mineral homeostasis.
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Chapter 16 Biology of Spine Fusion




David M. Benglis, Jr., Scott D. Boden, Michael Y. Wang





In 2001, more than 185,000 spinal arthrodeses were performed in the United States, the majority of which were posterolateral lumbar intertransverse process fusions. From 1997 to 2003, spine fusions climbed from the 41st most common inpatient procedure to the 19th, with resultant increases in spending on lumbar fusion procedures (from 75 to 482 million dollars).1,2 The number of fusion procedures continues to increase, as does the complexity of devices available for treatment of various spine disorders. Nonunion rates, however, for single-level fusions have been reported to be as great as 35% and even higher in multilevel procedures.3 Pseudarthroses often result in outcomes that are less than optimal, and often necessitate further surgery.


Changes in the field of spine surgery since the previous edition of this book include specific technical advancements in segmental instrumentation applicable to both open and minimal access surgical approaches, and the widespread implementation of bone morphogenetic protein (BMP) as an alternative to autograft iliac crest harvest in spine fusion. Along with these advancements on the clinical side, the physiologic, molecular, and mechanical requirements for successful fusion also continue to be elucidated.






Local Factors


To achieve a successful fusion, multiple factors must work in concert. These include the local environment of the fusion and systemic factors, with or without the use of fusion enhancers (Box 16-1). Mechanical and biologic factors are closely linked, and any cogent discussion of the biology of spine fusion must be limited to a particular mechanical situation (e.g., compressive forces–anterior column, tensile forces–intertransverse process). This chapter focuses primarily on the biology involved with fusion in the submuscular lumbar intertransverse process environment. To cover the differences and details of all potential fusion environments in the spine is beyond the scope of this chapter. Moreover, one must be cautious in extrapolating results of healing and fusion properties for bone graft substitutes in one region of the spine for another.4 Nevertheless, some of the principles are applicable and important for anyone who has dedicated a career to the advancement of spine surgery.





BOX 16-1 Factors Affecting the Success of Spine Fusion






Local Factors







Bone graft: source and quantity


Mechanical stability and loading


Graft site preparation


Soft tissue bed












Systemic Factors







Nicotine


Drugs


Osteoporosis


Hormones












Fusion Enhancers







Electrical stimulation


Growth factors















Graft Properties: Osteoinduction, Osteogenicity, Osteoconduction, and Connectivity


The choice of graft material has profound implications for the success or failure of arthrodesis. The ideal graft is osteogenic, osteoinductive, and osteoconductive. A balance of these entities, with or without instrumentation, ensures a favorable environment for fusion. Osteoinduction is the stimulation of multipotential stem cells to differentiate into functioning osteogenic cells. This is mediated by growth factors in the bone matrix itself (i.e., BMPs). Urist et al. introduced this concept in their studies of the osteoinductive properties of demineralized bone matrix (DBM).5,6


Osteogenicity refers to the presence of viable osteogenic cells, either predetermined or inducible within the graft. These cells are important in the early stages of the fusion process, uniting graft and host bone into a functional unit. Only fresh autologous bone and bone marrow are osteogenic.


Osteoconductivity refers to a material’s capacity to foster neovascularization and infiltration by osteogenic precursor cells via creeping substitution. A material may lack inductive stimuli and viable bone precursor cells, but still be osteoconductive. Such grafts act only as scaffolding for bone healing. Calcium phosphate ceramics, coral, and collagen are such materials, whereas allograft bone is osteoconductive and osteoinductive, and autograft bone is osteoconductive, osteoinductive, and osteogenic. Connectivity is the ability of an osteconductive graft material to be “connected” to local bone. This is determined by the surface area available for incorporation into the fusion mass.









Graft Material






Autograft


Autogenous iliac crest bone in the past has been considered the “gold standard” of graft material. Historically, it has been the most successful graft source in spine fusion. Cancellous autograft has the requisite matrix proteins, mineral, and collagen for the ideals of osteoinductivity, osteogenicity, and osteoconductivity. Its large trabecular surface makes it highly connective as well. Donor site complication rates as high as 25% to 30% have been reported, although a rate of 8% seems more realistic and is more commonly cited.7,8 Morbidity may be associated with an increased incidence of blood loss, chronic donor site pain, increased operative time, infection, and nerve injury. Furthermore, the quantity of bone available is limited, and may be insufficient for long-segment fusions, or in patients who have had previous graft harvests.


Autogenous cortical bone is useful when structural support is needed at the graft site. Otherwise, it is less desirable than cancellous bone because of the absence of robust bone marrow and, as a result, fewer osteoprogenitor cells. Additionally, these cells are less likely to survive, because they are embedded in a compact matrix where the diffusion of nutrients essential for cell proliferation is impeded compared with the cancellous environment. Cortical bone also has less surface area per unit weight with matrix proteins exposed, and, therefore, connectivity is marginal. Vascular ingrowth into cortical bone is slow. Mechanical strength lags because incorporation takes longer. Although cancellous bone is incorporated fairly rapidly and remodeled, portions of cortical graft may remain necrotic for extended periods. When the likelihood of avascular graft healing is low, as in previously irradiated tissue beds, vascularized grafts may be more desirable due to the presence of greater numbers of osteogenic cells.









Demineralized Bone Matrix


Demineralized bone matrix (DBM) is present in a variety of forms, each of which has a variable degree of osteoinductivity.4 Current data support its use as a bone graft extender but not as a pure substitute or enhancer.9 Autogenous and allograft DBMs are osteoinductive due to the presence of low doses of BMPs (~0.1% by weight).10 Collagenous and noncollagenous proteins serve as osteoconductive material that is left after the demineralization process. Preliminary animal studies have shown efficacy of DBM as a carrier molecule for recombinant human bone morphogenetic protein (rhBMP-2) in ectopic bone formation or as a graft alternative in experimental posterolateral arthrodesis.11,12 A study by Louis-Ugbo et al. used a non-human primate posterolateral fusion model to test a specific formulation of DBM, which was more porous than its predecessor. With this new formulation they found robust fusions and suggested that it exhibited properties of both a graft enhancer and extender.13 A recent prospective randomized study by Cammisa et al. looked at 2-year fusion rates in the posterolateral environment in 120 human patients. They concluded that DBM could function as an adequate graft extender and promote adequate fusions when mixed with a small amount of autogenous bone graft.14









Allograft


The desire to avoid donor site morbidity led to increased use of allograft bone in spine surgery. This was made practical by advances in procurement, sterilization, preparation, and storage.15 Although allograft bone is widely used in spine surgery, concerns regarding fusion rates and disease transmission remain. Allograft is not osteogenic, because there are no surviving cells in the graft. Because of the processing and storage requirements of allograft, some of the osteoinductive potential is lost. It also carries a small but real risk of disease transmission and may elicit an immune response from the recipient.16-21


Sterilization, donor screening, and sterile harvesting of donor bone help to keep the risks just cited to a minimum. Bone must be harvested in a sterile fashion within 24 hours of death, cultured, and processed for storage. Large tissue banks are available at most academic institutions.


Immunogenicity and maintenance of osteoinductive and osteoconductive properties are affected by these processing and preservation techniques. Bone usually is frozen or freeze-dried as soon as possible after harvest. Both methods decrease immunogenicity and allow for extended storage. Freezing does not diminish the mechanical properties of the bone, and it may be stored at −70°C for 5 years. Freeze-drying further reduces immunogenicity and inactivates viral agents, but it reduces the mechanical strength of the graft.22-24 Freeze-dried bone may be stored under vacuum, at room temperature, for an indefinite period.


The most common sterilization methods are high-dose gamma irradiation and ethylene oxide gas sterilization.18 Both alter the structure of matrix proteins, decreasing the osteoinductive capacity and mechanical strength of the bone.23 Other sterilization methods such as autoclaving are even more destructive, and generally are not used.


Although allograft usually has performed well in both cervical and lumbar interbody fusions, in which the graft is subject to compression, the results in the posterolateral lumbar environment, in which primary tensile forces exist, have not been as favorable.25-33 This result has led many surgeons to use allograft as an autograft expander rather than a pure substitute for posterolateral arthrodeses.









Xenograft


The use of bone graft taken from other species has been reported in the orthopaedic literature, but these alternatives to autograft never were incorporated into widespread use. Despite processing, xenografts remain immunogenic and provoke a host response. The graft may become encapsulated from the host’s response, with resultant blockade to revascularization. Ivory and cow horn resist incorporation into host bone and are no longer used. Bovine bone, both freeze-dried and deproteinized, remains weakly antigenic. Both of these types of xenografts have been used in spine surgery with limited success, and therefore they are not recommended as a graft material.34-37









Ceramics


Calcium phosphate (CaPO4) ceramics, including hydroxyapatite (HA) and tricalcium phosphate (TCP), have been widely used in orthopaedic and spine surgery.38 These osteoconductive, biodegradable materials are compatible with the remodeling of bone necessary to achieve optimal strength of a construct. Other, nonresorbable materials remain in the fusion mass, leaving permanent stress risers and prolonging strength deficiencies.


To be useful as a graft material, synthetic materials must have several properties. They must be compatible with local tissues, remain chemically stable in body fluids, and be able to withstand sterilization. Furthermore, they must be available in useful shapes and sizes, be cost-effective, and have reliable quality control. CaPO4 ceramics qualify, and have been widely used in dentistry and maxillofacial surgery, as well as in animal models for experimental spinal research.21,39-47 A wide body of literature exists discussing the use of these materials in human spine surgery.38,46,48-51


Both HA and TCP ceramics are inherently brittle. They may be prepared as either a compact or a porous material. The greater crystallinity and density of the compact form results in greater strength and resistance to dissolution in vivo, whereas porous versions more closely approximate cancellous bone and enhance bony ingrowth (at the expense of more rapid degradation). Under physiologic conditions, HA is resorbed very slowly, whereas TCP generally is resorbed within 6 weeks of implantation.25


Natural coral has been used to augment or even replace autograft, with some success.52-55 The calcium carbonate (CaCO3) in coral is hydrothermally converted to CaPO4. The structural geometry of coral is similar to that of cancellous bone, making it highly osteoconductive and connective.






Animal Studies


The use of CaPO4 ceramic as a spine fusion bone graft substitute has been studied extensively in animal models. Flatley et al. used porous blocks of a 1:1 ratio of calcium HA and TCP ceramic in a rabbit posterolateral fusion model.21 At 12 weeks, histologic sections demonstrated bone ingrowth reaching the central portion of the block with no fibrous barrier between the new bone and the ceramic. Holmes et al. used coralline HA in a canine posterior facet model.46 Although the distribution of bone ingrowth was similar to that seen in autograft controls, they reported no solid fusions, even at 6 months. Using coral porites (calcium carbonate) and a 65:35 HA:TCP biphasic ceramic, Guigui et al. found a 100% rate of fusion in a sheep model, comparable to the fusion rate of autograft in another study by this same group.56,57


The use of composites of ceramic and an osteoinductive agent such as DBM, autograft, or recombinant BMP also has been investigated (see Growth Factors, later in this chapter).58-60 Ragni and Lindholm, in a rabbit interbody fusion model, found that the addition of DBM enhanced the incorporation of an HA block. Animals treated with an HA/DBM composite showed significantly earlier fusion consolidation than those treated with autograft or either HA or DBM alone. By 6 months, however, results of the autograft were comparable to those with the composite.61 Zerwekh et al. compared a collagen/HA-TCP ceramic/autograft composite with autograft alone in a canine posterior fusion model.62 Histologic comparisons of bone ingrowth were similar in both groups at 12 months, as were the results of biomechanical testing. Working in a canine segmental posterior spine fusion model, Muschler et al. compared fusions with autograft, collagen/HA-TCP ceramic composite, collagen/HA-TCP ceramic/autograft composite, and collagen/HA-TCP ceramic/bone matrix protein composite, and with no graft.63 Autograft had a significantly superior union score. Ceramic composite alone performed no better than the no-graft control. The addition of bone matrix protein, however, improved the union score, making it comparable with the composite/autograft treatment.









Human Studies


The clinical efficacy of ceramics, either alone or as part of a composite, has yet to be fully elucidated. Studies suggest that these entities do have beneficial effects. Passuti et al., in a study of 12 severely scoliotic patients, used internal fixation and blocks of 3:2 HA-TCP ceramic alone or mixed with autogenous cancellous bone.49 After 15 months average follow-up, radiographs demonstrated fusion in all patients. Histologic examination of biopsy material from two of the subjects revealed new bone formed directly on the ceramic surface and ingrowth into the macropores. Similarly, Pouliquen et al. successfully used natural coral as a graft substitute in 49 patients with idiopathic scoliosis.54 Although the results were favorable, their small patient populations, single diagnosis, and average patient age of 14 years limited these studies. Acharya et al. designed a prospective matched case study examining the effect of a hydroxyapatite–bioactive glass ceramic composite as a stand-alone graft versus autogenous bone in posterolateral spine fusion.64 The study was halted early, because at 1 year fusion was found to be inferior with the bone substitute as a stand-alone graft compared with autograft.


The use of ceramics and composites as a graft replacement or extender of autograft holds promise in spine fusion. Later discussion in this chapter covers the relevance of ceramics in combination with BMPs.















Mechanical Stability


Fusion rate is affected by the mechanical stability of the involved segments.65-70 As a result, internal segmental instrumented fixation has commonly been used to achieve higher rates of fusion, an approach that is supported by various studies in the literature.65-67,70-72 Even in the presence of a rigid construct, nonunion still occurs in up to 10% to 15% of patients, especially when hardware loosening or failure occurs.71-75 Fusion level, number of segments involved, patient weight and activity level, and postoperative bracing all influence the rate of fusion.76






Animal Studies: Spinal Instrumentation


The effects of spinal instrumentation and stability have been investigated in various animal models.77-81 Although this approach can tell us much about short-term effects of instrumentation failure, caution must be exercised in extrapolating this information to the long-term effects in the human body at the bone/instrumentation interface. McAfee et al. created a canine instability model to study both the effect of spinal instrumentation on fusion success and the radiographic incidence of fusion with respect to spinal stability.66-68 At 6 months, radiographs revealed a greater probability of fusion in the instrumented animals than in the noninstrumented animals. The instrumented fusions also were more rigid. Likewise, Zdeblick et al. demonstrated both an increased rate of fusion and a more rigid fusion when anterior instrumentation was used in a canine model of an unstable burst fracture at L5.70 These results also were replicated by Shirado.82 Kotani et al. showed that after solid posterolateral arthrodesis was achieved in a sheep model, transpedicular fixation continued to provide mechanical support.83


The biologic activity of the graft material may partly determine the need for internal fixation. Fuller et al. showed that rigid fixation improved bone ingrowth into a calcium carbonate block in a canine anterior thoracic interbody fusion model.84,85 Because ceramics are not osteoinductive, a mechanically stable environment is crucial for ingrowth. Osteoinductive graft substitutes, on the other hand, may not be as reliant on construct rigidity.


Nagel et al. developed a sheep model of delayed union and nonunion.69 Posterior lumbar laminar and facet fusions with iliac crest graft were performed on seven sheep. Six of the seven sheep developed nonunions at the L6-S1 interspace; all cephalad interspaces fused (21 of 21). Eight normal sheep underwent in vivo flexion-extension radiographs. Five normal sheep spines were studied ex vivo, using displacement transducers to test stiffness, displacement, and strain in flexion-extension. The lumbosacral level demonstrated significantly more motion than the other levels, suggesting that motion was a major factor in determining the success of fusion in this sheep model. Similar observations have been made in dogs.86 The increased stability and decreased motion that instrumentation provides would seem valuable in such instances.









Human Studies: Spinal Instrumentation


Contradictory human studies of the effects of spinal instrumentation have been widely reported. Zdeblick discussed 124 patients undergoing fusion for different conditions.72 Patients were randomized into three groups, all having dorsolateral autograft fusions. Patients in group 1 were not instrumented, those in group 2 were instrumented with a semirigid pedicle screw system, and individuals in group 3 had rigid pedicle screw instrumentation implanted. The rigid group had a significantly higher fusion rate (95%) than the noninstrumented group (65%). The instrumented groups together had 95% excellent or good results, whereas the noninstrumented patients had only 71% good or excellent outcomes (a statistically significant result).


Bridwell et al. described 44 patients with degenerative spondylolisthesis.71 Patients were individualized into three groups: no fusion; noninstrumented posterolateral fusion; and pedicle screw instrumented posterolateral fusion. Patients with more than 10 degrees or 3 mm of motion were automatically assigned to the instrumentation group. There was an 87% fusion rate in the instrumented group versus a 30% rate in noninstrumented patients, yet there was no significant clinical difference in successful outcomes between the noninstrumented and unfused groups (30% vs. 33%). Successful outcomes in the instrumented group (83%) were significantly greater than in the nonfusion group. Fischgrund et al. also demonstrated a markedly increased rate of fusion in their patients with instrumentation (83% vs. 45%), yet found no difference in clinical outcome.


In their meta-analysis, Mardjetko et al. reviewed 25 papers describing 889 patients with degenerative spondylolisthesis.87 Five of the included studies described patients undergoing decompression and posterolateral arthrodesis with pedicle screw instrumentation. Although there was a trend toward an increased rate of fusion in the instrumented versus noninstrumented patients (93% vs. 86%), it did not reach significance (P = .08). The clinical outcome was better in the uninstrumented group: 90% versus 86%. However, the authors acknowledged several limitations of their review: data from different treatments over 20 years; variable study designs and quality; and possible dilution of data from the stronger, better-designed studies that suggested an advantage to instrumentation.


Fusion success is also affected by the physical stresses placed on the graft.88 In human beings, 80% of the load at a motion segment is transmitted through the intervertebral disc. Graft placed ventrally, in the interbody region, is thus primarily subjected to compression. This compressive force promotes fusion, presumably by stimulating vascular ingrowth and the proliferation of mesenchymal cells. Dorsally placed graft experiences tensile forces, as does graft placed in the intertransverse process region. Under these less favorable mechanical conditions, fusion is more dependent on biologic factors.


Facet preparation for fusion has been shown to increase motion of the involved segment. Although many surgeons routinely include facet fusion in posterolateral intertransverse process arthrodeses, biomechanical studies have demonstrated a resultant decrease in stability.89,90 The developing fusion preparation decreases the surface area incorporated into the fusion mass, and may result in a less rigid fusion. Rigid instrumentation allows the facets to be prepared and incorporated without sacrificing stability. However, in the osteoporotic patient, the screw-bone interface often is weak. Even with instrumentation, facet preparation may not be appropriate in these individuals.


Overall, it is generally agreed that spinal instrumentation decreases the rate of pseudarthrosis. However, in some situations, especially with single-level fusions, no significant clinical benefit may be obtained. Additionally, although a positive relation exists between radiographic fusion and clinical outcome, no absolute convincing correlation has been demonstrated.91 Currently, prospective randomized blinded clinical trials examining the effects of instrumentation have not yet been completed.












Graft Site Preparation


Preparation of the bony anatomy into which the graft is placed is of paramount importance in achieving a successful fusion. The exposed area of viable, vascular bone should be maximized. This is done by decortication, which may be accomplished with curettes, rongeurs, osteotomes, or a power bur precision drill. Use of a high-speed bur may result in thermal necrosis, which may be minimized with continuous irrigation, use of a drill with deep flutes, and minimizing contact time between bur and bone. As the surface area of decorticated bone increases, so does the connectivity and the availability of osteogenic cells and exposed matrix proteins. Furthermore, a large surface is helpful in forming a bony bridge strong enough to carry the mechanical load.









Soft Tissue Bed


Spine fusion depends on the influx of osteoprogenitor cells, inflammatory cells, nutrients, and endocrine stimuli from the local soft tissues to support bone graft healing. An adequate blood supply in this environment is a critical requirement for success, and nonviable, traumatized tissues should be removed from the graft site.


Hurley et al. evaluated the role of these factors in a canine dorsal spine fusion model.86 Thirty-seven animals underwent a modified Hibbs fusion (control), a Hibbs fusion with a fluid-permeable/cell-impermeable membrane interposed between fusion site and muscle mass, or with a membrane impermeable to both cells and fluids. Fusion was achieved in all 12 animals with the semipermeable membrane, whereas no animals with the impermeable membrane had a successful fusion.


Radiation has a detrimental effect on a healing spine fusion that is especially pronounced in the first few postoperative weeks. This effect may be caused by cytotoxicity, but is probably a product of the resultant vasculitis and inhibition of angiogenesis that follows radiation treatment. In the long term, radiation also can induce osteonecrosis and dense hypovascular scars, creating a poor fusion environment. Studies suggest that a 3- to 6-week delay in radiation would be beneficial to the fusion process.92,93 Use of vascularized grafts anastomosed to nonirradiated vessels also may increase the chance of successful fusion.












Systemic Factors






Nicotine


Smokers have a higher rate of pseudarthrosis than do nonsmokers.27,28,73,94,95 Cigarette smoke retards osteogenesis and inhibits graft revascularization. Tobacco smoke extracts calcitonin resistance, increases fracture end resorption, and interferes with osteoblastic function.8,96,97


A direct relation between systemic nicotine and spinal pseudarthrosis has been demonstrated in a rabbit model. Silcox et al. performed L5-6 posterolateral intertransverse process arthrodeses with autologous iliac crest graft in 28 rabbits.98 The animals were implanted with osmotic mini-pumps, delivering either saline (control) or nicotine equivalent to a human who smokes 1 to 1.5 packs per day. At 5 weeks, 56% of control animals had a solid fusion by manual palpation; no solid fusions were seen in the nicotine-exposed animals (P = .02).









Drugs


Drugs taken during the perioperative period can have a detrimental effect on the process of fusion. Chemotherapeutic agents administered in the early postoperative period inhibit bone formation and arthrodesis.99-101 Nonsteroidal anti-inflammatory drugs (NSAIDs) suppress the inflammatory response, and may inhibit spine fusion.102


Dimar et al. performed three-level dorsal fusions in 39 rats. Half the animals received indomethacin, 3 mg/kg/day, on 6 of 7 days, and the other animals received saline.103 Treatment was started 1 week preoperatively, and continued for 12 weeks after surgery. In the control rats, 27 of 60 levels achieved solid or moderate fusions, whereas only 4 of 42 levels were similarly fused in the indomethacin group (P < .001). Weaknesses of this study included the following: the experimental model used had not been well characterized, fusion assessment was not rigidly defined, and the indomethacin dose was significantly greater on a milligram-per-kilogram basis than that used in human beings.


Glassman et al. performed a retrospective review of 288 patients who had undergone L4-S1 instrumented, autologous iliac crest graft spine fusions.104 Ketorolac had been administered to 167 of them; the remaining 121 did not receive NSAIDs. Using surgical exploration, hardware failure, and tomograms to determine fusion, they found 4% pseudarthroses in the control group, versus 17% in the ketorolac group (P < .001). The odds ratio indicated that nonunion was approximately five times more likely in those individuals who received ketorolac. There are several problems with this retrospective study: the number of surgeons involved in the cases varied, and the patients received varying numbers of ketorolac doses, beginning at different postoperative times. Their results, however, are supported in a more controlled animal study by Martin et al., who, working in a rabbit model, compared fusion in animals receiving ketorolac or saline.105 They found 35% fusions in the ketorolac-treated animals versus 75% in the controls (P = .037).


Cyclo-oxygenase 2 (COX-2) inhibitors are specific for the isoform of the enzyme targeted by NSAIDs. Long et al. investigated the effect of orally administered celecoxib on spine fusion in the rabbit model.106 They compared rabbits receiving celecoxib, 10 mg/kg daily, with groups receiving either indomethacin, 10 mg/kg, or saline. They found a significant difference between the rate of fusion in controls versus that of the indomethacin group, while animals that received celecoxib fused at an intermediate rate. The study was limited by its small size and the use of a relatively high dose of indomethacin compared with that used in humans.









Osteoporosis


The most common metabolic bone disease in the United States, osteoporosis commonly is assumed to be a negative factor in bone healing. The decreased bone density that is the hallmark of osteoporosis makes stabilization with instrumentation difficult in this population. Additionally, there may be changes in marrow quality and bone turnover rate. Older animals have a decreased capacity for osteoinduction.107 In terms of fusion potential, a decrease in the number of osteogenic stem cells in elderly patients may be more important than absolute bone mass.









Hormones


Hormones affect bone formation both directly and indirectly and probably influence spine fusion as well. These chemical messengers have complex interactions, both positive and negative, with bone-forming and bone-absorbing cells.


Growth hormone, via somatomedins, exerts a stimulatory effect on cartilage and bone formation.108,109 In vivo experimental research has revealed that growth hormone stimulates bone healing by increasing gastrointestinal absorption of calcium, as well as by increasing bone formation and mineralization.110,111 Thyroid hormone, which acts synergistically with growth hormone, is required for somatomedin synthesis by the liver. Furthermore, thyroid hormone has a direct stimulatory effect on cartilage growth and maturation, thereby positively influencing bone healing.


Corticosteroids have been shown both experimentally and clinically to be detrimental to bone healing, increasing bone resorption and decreasing bone formation. They inhibit and promote osteoblastic differentiation and also decrease the synthesis of viable bone matrix.112-114


Estrogens and androgens play important roles in skeletal maturation, as well as in the prevention of age-associated bone loss. Their effects on bone healing, however, remain controversial. Some studies indicate they may stimulate bone formation, whereas others do not support this positive effect.115-117 Neither affects bone collagen synthesis, but estrogens may increase bone mineralization by increasing serum levels of parathyroid hormone and vitamin D3.118












Fusion Enhancers






Electrical Stimulation


Since 1974, when Dwyer et al. first demonstrated improved spine fusion rates,119 electrical stimulation has been increasingly accepted as an aid to spine fusion. Electrical stimulation theoretically alters the naturally occurring strain-generated charges present in healing bone toward those that are ideal for bone fusion.120 Since that time, various devices have gained approval from the U.S. Food and Drug Administration (FDA) for use as adjuncts to fusion: (1) direct current electrical stimulation (DCES), (2) inductive coupling devices such as pulsed electromagnetic fields (PEMFs) and combined magnetic fields (CMFs), and (3) capacitive coupling devices. These devices have been shown to have varying effectiveness.119









Electrical Devices


DCES uses an implanted generator that delivers a constant 20- to 40-microampere (μA) current to the fusion bed, for 6 to 9 months. The effective stimulation area is 5 to 8 mm from the cathode. Although the exact mechanism of action is not fully understood, several physiologic effects have been demonstrated. The current attracts charged proteins by electrophoresis, bone, cartilage, and endothelial cells by galvanotaxis, and depolarizes cell membranes. Faradaic reactions at the bone-electrode interface reduce oxygen tension and increase pH, similar to what is seen at the growth plate in healing fractures. Increased pH has been shown to increase osteoblastic bone formation and to inhibit resorption by osteoclasts.121,122


PEMFs utilize inductive coupling to generate an electromagnetic field across the fusion area via external coils that are worn from 3 to 8 hours per day for 3 to 6 months. A varying magnetic field induces an electric current, which is hypothesized to stimulate bone healing, possibly by depolarizing cell membranes and increasing calcium influx into bone cells.123-125 Regardless of the exact mechanism, PEMFs have been shown to increase the levels of BMP-2 and BMP-4 in rat calvarial cells.126,127


A less commonly usedtilized inductive coupling device is the CMF. Like the PEMF, it also is worn externally, usually for 30 minutes per day, and combines a static magnetic field with a time-variable field. Although animal data showed increased bone stiffness at the 30-minute dose, the effect was far greater with treatment given 24 hours per day.128


Capacitive coupling devices also are noninvasive and employ alternating currents, conductive gels, and electrodes. Fredricks et al.129 in a rat fusion model (previously described by Boden et al.130) showed up-regulation of various factors required for bone fusion with the use of this form of electrical stimulation.






Human Studies


Kane published the first large multicenter study of the use of DCES in dorsolateral spine fusion.131 Eighty-two patients treated with DCES were compared to a historical control population of 150 patients fused without electrical stimulation. The DCES group had a 91% fusion rate, significantly higher than the 81% in the control subjects. Of note, the DCES group had a significantly higher rate of revision surgery for pseudarthroses. The report also described a prospective, randomized control study in a “difficult to fuse” population of patients who had failed one or more previous attempts at fusion, were undergoing multilevel arthrodeses, had grade II spondylolisthesis, or had other risk factors. The 31 patients in the stimulation group had a significantly higher fusion rate of 81%, compared with 54% of the 28 patients in the control population.


Recent work has lent further support to the use of DCES in dorsolateral spine fusion. Reports indicate that DCES increases the percentage rate of fusion in dorsolateral pedicle screw–instrumented fusions.132,133 Furthermore, DCES has been shown to increase the fusion rate in smokers from 66% to 83%.133


Simmons was the first to report on the use of PEMF in spine fusion. He described treatment of pseudarthroses after posterior lumbar interbody fusion in 13 patients, 77% of whom progressed to fusion without further surgery.134 In the more demanding environment of posterior pseudarthroses, Lee reported a 67% success rate with PEMF.135 Bose followed 48 patients who received posterolateral fusion in addition to instrumentation.136 He reported fusion success of 98%; however, there was no control population in this study. Marks demonstrated twice the percentage of successful lumbar fusions in females when compared with control populations without the device.137


Linovitz et al. reported on a double-blind, randomized, placebo-controlled population of patients on the use of CMF in noninstrumented fusions.138 The study found that 64% of patients with active devices had fused by 9 months, compared with 43% of patients with placebo devices. Stratification by gender showed that the difference was significant only for the female patients in the study. The reasons for this remain unclear.


Although there seems to be support for the use of electrical stimulation in spine fusion, not all modalities are equally effective. Currently, DCES appears to have the greatest effect. Furthermore, all of these devices are expensive. Guidelines for determining which patients would best be served by their use has yet to be fully elucidated.












Growth Factors


BMPs are a group of proteins belonging to the transforming growth factor (TGF)-β family. During the more than 35 years since they were first described by Urist,5 they have been found to play important roles in both endochondral and intramembranous bone formation, as well as in fracture healing. Recently, a great deal of attention has been paid to a possible role for these proteins in spine fusion, and also to concerns over adverse events and increased costs associated with these molecules.


BMPs bind to receptors on multiple cell types, including osteoblasts, osteoclasts, and mesenchymal stem cells. Their effects are exerted through a second messenger system. At low concentrations, this leads to cartilage formation; at higher levels, direct bone formation is fostered. This bone is histologically and mechanically normal.


Several BMP preparations are in or are nearly in clinical evaluation. Recombinant human BMP-2 (rhBMP-2) and BMP-7 (rhBMP-7), which is more commonly termed osteogenic protein-1 (OP-1), are manufactured by recombinant DNA techniques, and are pure preparations. Two BMPs currently are FDA approved for use in human surgery. rhOP-1 (rhBMP-7) is approved for long bone defects (Stryker Corp., Kalamazoo, MI), and rhBMP-2 has been approved for use in anterior lumbar interbody fusions (ALIF; Medtronic Sofamor Danek, Memphis, TN). A third preparation, bovine BMP extract (bBMPx), is derived from bovine bone and, thus, contains several different BMPs, along with other proteins.






Animal Studies


Preclinical work on the use of BMP in posterolateral spine fusions has been reported by many researchers.139-145 Many of these early experimental studies demonstrated faster fusion rates when compared to controls. Cook et al., using osteogenic protein 1 (OP-1) in a canine facet and interlaminar fusion model, obtained solid fusions in 12 weeks, as compared with 26 weeks for autogenous graft.146 In a similar model, Muschler et al. found no difference between autograft and rhBMP-2 at 3 months, though the model was criticized for its intrinsically high fusion rate of the control arm.147


A canine intertransverse-process fusion model demonstrated solid fusion with rhBMP-2 within 3 months, whereas autologous iliac crest graft animals had not fused at that point.143 This same model was used to demonstrate that rhBMP-2 could produce solid fusions without decoration.144 Using a rabbit intertransverse process fusion model they developed, Schimandle et al. achieved 100% fusion with rhBMP-2, compared with 42% fusion in the autograft group.148 Martin et al. demonstrated that rhBMP-2 was further able to overcome the inhibitory effect of ketorolac in the model used by Schimandle and Boden.105 Grauer et al. and Patel et al. then established that OP-1 had the same effects in reference to fusion, but required higher dosages of the BMP compound.149,150


Sandhu et al. and Fishgrund et al. reported improved fusion rates with an rhBMP-2 soaked collagen sponge in a canine model for spine fusion compared to controls.140,142 Martin et al., on the other hand, failed to show improvement in posterolateral fusions in nonhuman primates when using the same concentration of rhBMP-2 as in the canine studies. They listed one potential cause of this discrepancy originating from compression of the BMP out of the sponge by the surrounding tissues. A protective shield was then placed over the absorbable collagen sponge (ACS), and they were then able to achieve successful fusions at lower concentrations.151


Several other studies also have examined the effectiveness of these agents in nonhuman primates. Boden et al. tested bBMPx in the lumbar spine of adult rhesus monkeys.152 Four of the four animals implanted with 3 mg or more of the bovine protein achieved a posterolateral intertransverse process fusion, whereas none of the six animals implanted with a lower dose fused. However, a second study demonstrated only 40% fusion with this same dose, and 54% with a 5-mg dose, although the autograft animals showed only 21% fusion.153


A more robust carrier than the collagen sponge alone may be needed to promote fusion in the posterolateral environment. Boden et al. developed a more rigid porous biphasic calcium phosphate (BCP) ceramic carrier that provided a scaffold for new bone and then resorbed over time. They were able to achieve fusion at three different concentrations of rhBMP-2/ACS.139 Additional carriers have been developed that are based on the original BCP ceramic concept with the same excellent results in the rabbit and primate models.154,155


Akamura et al. and Barnes et al. used compression resistant matrix (CRM) carriers (15% hydroxyapatite, 85% β-tricalcium phosphate ceramic collagen matrix) and noted that the carrier, collagen sponge, and concentration of rhBMP-2 are all important in promoting a solid fusion in nonhuman primates.156,157 Barnes et al. failed to achieve a solid posterolateral arthrodesis when the CRM was not used with rhBMP-2 and the collagen sponge. Like the BCP ceramic carrier in the study by Boden discussed earlier, one explanation for this observation by Barnes et al. could be that the CRM provides a better scaffold for bone growth than the ACS alone.









Human Studies


Human trials using rhBMP-7 and rhBMP-2 in posterolateral fusion have been reported, both with and without instrumentation.158-165 A safety and efficacy study of OP-1 for posterolateral spinal arthrodesis had been completed by 2001.166 Sixteen patients with degenerative spondylolisthesis, undergoing noninstrumented posterolateral fusion, were randomized to receive either autograft and OP-1 or autograft alone. At 6 months, 9 of the 12 autograft/OP-1 patients had fused, versus only 2 of 4 autograft-alone patients, although the difference was not statistically significant. Clinically, 83% of the OP-1 patients had 20% or better improvement in their Oswestry score, whereas only 50% of the autograft-alone patients had this level of success. Again, the difference was not statistically significant. Of note, OP-1 had no adverse effects.


This initial pilot study has since turned into a larger prospective series with long-term follow-up. The rhOP-1 (rhBMP-7) data for posterolateral spine fusion support increased rates of fusion in the rhBMP-7 group versus control (55% vs. 40%).162 At 4 years of follow-up, Vaccaro et al. have achieved similar fusion results with rhOP-1 when compared with iliac crest autograft in posterolateral fusions.167


Luque168 and Boden et al.159 pioneered early clinical studies of rhBMP-2 in the posterolateral fusion environment. Luque examined two patient cohorts in a prospective, randomized, open-label trial of rhBMP-2, with a biphasic calcium phosphate (BCP) carrier in patients undergoing single-level lumbar fusions for degenerative instability. The first group (seven patients) received rhBMP-2/BCP unilaterally, with autograft on the contralateral side. Eighty-six percent of the rhBMP-2 sides fused by 12 months, whereas only 57% of the autograft-treated sides fused. The second group received a higher rhBMP-2/BCP dose bilaterally, without autograft; at 12 months, 100% had fused. Oswestry scores improved by 15 or more points in 85.7% of cohort 1 patients and in 100% of cohort 2 individuals. Boden et al. performed a prospective randomized clinical pilot trial of rhBMP-2 with BCP carrier versus autograft. All 20 patients with BMP-2 and the BCP carrier had solid fusions judged by CT scans, as evaluated independently. Nine of these patients had no internal fixation. The BMP-2 patients did better than autograft patients at an average of 17 months of follow-up in terms of fusion success and clinical outcome.


Dimar et al. also demonstrated that the rhBMP-2 group had better fusion rates compared with iliac crest bone graft (83% vs. 73%, respectively) for patients receiving posterolateral instrumented fusions in a large prospective randomized study comparing rhBMP-2 with iliac crest (98 patients). Outcome measures such as the Oswestry Low Back Pain Disability Index, and leg and back pain scores, however, were similar over time.160 These trends toward improved posterolateral fusion rates and outcome scores also were reported by Dawson et al. using rhBMP-2, ACS, and a ceramic bulking agent in a multicenter prospective randomized pilot study without instrumentation.158












Bone Morphogenetic Proteins: Adverse Events


Benglis et al. have listed a number of adverse events linked to the use of BMPs, including ectopic bone formation, swelling/hematoma/dsyphagia with anterior cervical discectomy and fusion (ACDF), bony resorption/graft subsidence with lumbar interbody fusions, and painful seroma/mass effect in minimally invasive lumbar surgery.169






Ectopic Bone Formation: Animal Studies


Ectopic bone formation and its association with the use of BMP has been documented in both animal and clinical studies. The proposed mechanism is leakage of the molecule into unwanted sites from the carrier causing new both growth over the canal, inside the foramen, or the fusion of unwanted levels. This theory, however, is controversial, and many authors have failed to show any ectopic bone formation in both experimental and human studies, even in the presence of a laminectomy defect.142,151,170-172 Two studies in lower mammals (rabbits173 and mice174) examined the effects of high doses of BMPs on the exposed thecal sac. In both models, analysis revealed new bone growth and some compression on the neural elements; however, both studies failed to demonstrate any changes in behavior (e.g., motor) in the experimental animals versus the controls. Hsu et al. failed to induce ectopic bone formation in rodents when rhBMP-2 was used in high concentrations without an ACS. They raise the question of the significance of BMP elution without association of a carrier.175









Ectopic Bone Formation: Human Studies






Posterior and Transforaminal Lumbar Interbody Fusions


In the FDA-approved investigational device exemption (IDE) study examining rhBMP-2/ACS in posterior lumbar interbody fusions (PLIF), the study was stopped due to evidence on postoperative CT scans of bone encroachment into the spinal canal when compared with the control patients with autograft.176 There were, however, no clinical symptoms due to this nerve root compression. A later publication by Villavicencio et al. describes the use of rhBMP-2/ACS in transforaminal lumbar interbody fusion (TLIF) without bone encroachment into the vertebral canal.177 These authors recommend that the sponge be placed ventrally in front of the graft and away from the thecal sac to potentially avoid this complication.












Swelling, Hematoma, and Dysphagia in Anterior Cervical Discectomy and Fusion


Neck swelling, hematoma, dysphagia, and respiratory failure have been reported with the use of rhBMP-2/ACS in ACDF surgery. Five clinical reports totaling 264 patients were analyzed by Benglis et al. in their review on adverse events of BMPs.169 The studies were by no means standardized, varying in the concentrations of rhBMP-2/ACS used, types of interbody, location of the rhBMP-2, levels fused, and type of anterior construct (discectomy vs. corpectomy).178-182 The reported complication rates associated with these studies ranged from 5% to 27%, which were higher than historical controls examining complications following ACDF without the use of BMPs. These adverse events, in general, appear to be related to the use of increased dosages and the potential initiation of inflammatory cascades in the soft tissues of anterior cervical procedures. As noted in a study by Baskin et al., only very small doses of rhBMP-2 are needed per level to induce postoperative fusion (one-seventh of a small Infuse kit, Medtronic Sofamor Danek, Memphis, TN).183A large, prospective IDE study currently is underway to investigate the clinical outcomes, fusion rates, and adverse events for single-level ACDFs with rhBMP-2.









Bony Resorption and Graft Subsidence


Some in vitro studies have shown that BMPs also may exhibit some osteoclastic activity.184 This phenomenon could be a function of its interaction with certain interleukins.185 Various groups are beginning to note robust bone loss during the resorption phase of bone growth associated with the use of BMPs in interbody fusions of the lumbar spine, ranging from resultant instrumentation failure, graft loosening, and subsidence, to migration.186-190









Painful Seroma and Mass Effect in Minimally Invasive Lumbar Spine Surgery


Levi and Wang conducted an informal survey with several minimal access surgeons who revealed that a painful seroma from rhBMP-2 is another potential complication (Levi AD, Wang MY, unpublished data, 2010). On reexploration or aspiration of the collection, clear fluid is found, and, following its release, the patient’s symptoms disappear. Origins may be due to inflammatory cascades induced by the BMP within a relatively small contained space.















Bone Morphogenetic Proteins and the Rising Costs of Health Care


With the rising cost of health care and current legislation targeted at reducing these costs, the pressures on surgeons to perform more “economical” surgery becomes increasingly relevant.169 Hospitals traditionally receive a particular payment for a procedure referred to as a diagnosis related group or DRG. They often do not receive additional funding to cover the cost of devices used in the spinal procedure (e.g., interbody fusion cages, BMP). Despite these upfront increases in initial costs, some groups have published literature supporting a long-term reduction in expenses when using rhBMP-2 versus iliac crest autograft in spine fusions.191-194 Nevertheless, rhBMP-2 is an expensive molecule, averaging $3600 to $5200 in 2010 for a small and large kit, respectively (personal correspondence with Medtronic/Sofamor Danek), with the hospital carrying most of the cost burden.192


A recent article published by Cahill et al. examined the increasing trends in the usage of BMPs in spine fusion surgery. They reviewed a retrospective cohort of 328,468 patients undergoing spine fusion procedures from 2002 to 2006, focusing on certain aspects such as complications, length of stay, and hospital charges. Usage within the United States has increased from 0.69% of all fusions in 2002 to 24.6% of all fusions in 2006. The main point of the article was that increases in hospital charges were noted to be between 11% and 41% (greatest increase seen for anterior cervical fusion).195









Future Directions and Emerging Technologies


Mesenchymal stem cells (MSCs) are the precursor cells to the bone-producing osteoblast. The osteoblast cell produces an extracellular matrix that ultimately becomes calcified. Research in bone marrow aspirate (BMA) fusion models has not shown clear evidence supporting its use as a stand-alone bone substitute, but it is potentially effective as a graft extender.196 Decortication is one traditional means of “recruiting” these osteoprogenitor cells to the site of a fusion. Work is ongoing in the development of techniques to increase the concentration of MSCs by either cellular retention (e.g., membranes that facilitate attachment of MSCs) or cellular expansion (e.g., in vitro culture of an aspirate) methods.197 The next step in the evolution of therapies to promote bone fusion may lie in the field of tissue engineering, where genes inserted into in vitro cultures of MSCs could be placed into a site of fusion and provide a continuous extracellular supply of proteins such as BMPs.196, 198, 199 Current work in gene therapy modulation exists only in preclinical animal experiments and has not yet been extended to human clinical studies.200
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Chapter 17 Spine Fusion


Anatomy and Biomechanics of Bone-Bone Interface




Fanor Manuel Saavedra, Rodolfo E. Alcedo-Guardia





In the late 19th century, Sir William Macewen firmly established bone grafting as a treatment option for replacing missing bone and enhancing bone formation. His interest in bone grafting led him to perform allografts and autografts in his patients.1 In the United States, spine fusion was first reported in the early 1900s by Albee2 for the treatment of Pott disease and by Hibbs,3 who used fusion surgery to halt the progression of scoliotic deformity. Since that time the indications for and number of spine fusions have increased. In fact, the numbers doubled between 1980 to 1990,4 with an increase of 77% between 1996 and 2001.5 Spine arthrodesis is now one of the most common surgical procedures performed in the United States.


Unfortunately, a number of complications have been associated with spine fusion. Pseudarthrosis can occur in as many as 35% to 40% of multilevel lumbar fusions.6 Donor site morbidity can also be considerable.7 To achieve successful bony fusion, minimize complications, and achieve a good functional outcome, it is important to understand the various structural, biologic, and biomechanical aspects of bone fusion.


Bone grafts involve transplanting bone tissue from one site to another in order to obtain bone fusion. The terms used for describing them are usually derived from the bone’s origin, anatomic placement, or composition. Autograft is a transplanted tissue within the same individual; allografts are tissues coming from a genetically different individual of the same species; xenografts are tissues transplanted from one species to a member of a different species; isograft is tissue obtained from a monozygotic twin. A graft transplanted to an anatomically appropriate site is defined as orthotopic, whereas if it is transplanted to an anatomically dissimilar site, it is termed heterotopic. Grafts are also categorized by composition as cortical, cancellous, corticocancellous, or osteochondral.8






Anatomy of the Bone-Bone Interface






Histologic Components


On a gross level, all bones are composed of two basic components: cortical (compact) bone and cancellous (trabecular) bone. Cortical bone is a dense, solid mass, except for its microscopic channels, and contains parallel stacks of curved sheets called lamellae, which are separated by bands of interlamellar cement. Regularly spaced throughout the lamellae are small cavities, or lacunae. Lacunae are interconnected by thin, tubular channels called canaliculi. Entrapped bone cells (osteocytes) are located in the lacunae, and their long, cytoplasmic processes occupy canaliculi. The cell processes within canaliculi communicate by gap junctions, with processes of osteocytes lying in adjacent lacunae. Canaliculi open to extracellular fluid at bone surfaces, thus forming an anastomosing network for the nutrition and metabolic activity of the osteocytes. Cortical bone possesses a volume fraction of pores less than 30% and has an apparent density of up to about 2 g/mL. Its compressive strength is approximately 10-fold that for a similar volume of cancellous bone.


Cancellous bone is porous and appears as a lattice of rods, plates, and arches individually known as trabeculae. It has a greater surface area and can be readily influenced by adjacent bone marrow cells. Because of this structural difference, cancellous bone has a higher metabolic activity and responds more readily to changes in mechanical loads.9


Cortical and cancellous bone may consist of woven (primary) or lamellar (secondary) bone. Woven bone forms the embryonic skeleton and is then resorbed and replaced by mature bone as the skeleton develops.10 In the adult, woven bone is found only in pathologic conditions, such as fracture healing and in tumors. Woven and lamellar bones differ in formation, composition, organization, and mechanical properties. Woven bone has an irregular pattern of collagen fibers, contains approximately four times as many osteocytes per unit volume, and has a rapid rate of deposition and turnover. The osteocytes of woven bone vary in orientation, and the mineralization of woven bone follows an irregular pattern in which mineral deposits vary in size and in their relationship to collagen fibrils. In contrast, the osteocytes of lamellar bone are relatively uniform, with their principle axis oriented parallel to that of other cells and to the collagen fibrils of the matrix. The collagen fibrils of lamellar bone lie in tightly organized, parallel sheets, with uniform distribution of mineral within the matrix.11,12


The irregular structure of woven bone makes it more flexible, more easily deformed, and weaker than lamellar bone.9 For these reasons the restoration of normal mechanical properties to bone tissue at the site of a healing fracture requires eventual replacement of the woven bone of the fracture callus with mature lamellar bone.11









Biomechanical Properties of Graft Material


In vivo, the mechanical performance of a bone graft is a function of the intrinsic property of the graft and the properties of the graft-host interface.13 Intrinsic properties of a graft are related to its geometry and composition and include its fracture toughness, yield strength, and elastic modulus.8


In a clinical setting, where the graft has geometric and mechanical properties similar to the host bone, it may function almost immediately.14 Nevertheless, in the case of inferior bone graft mechanical properties, the construct should be designed with additional graft material or incorporate internal fixation until remodeling occurs and the graft can provide adequate load-bearing function.14 A graft’s load-bearing capacity is achieved after complete biologic incorporation by the host, which is related to the mechanical and biologic properties of the graft-host interface.


Iliac crest wedges are the most commonly used graft material. The percentages of cortical and cancellous bone remain constant at 41% and 59%, respectively, regardless of the total cross-sectional area of the wedge. Donor age also does not affect this physical parameter.15


To reduce the immune response and also as methods of preservation and sterilization, allografts undergo certain modifications. These modifications have a profound effect on the biomechanical properties of the graft. Freezing has minimal effects compared with freeze-drying, which significantly reduces both the yield strength and stiffness of the bone graft.16 Autoclaving produces a dose-dependent decrease in strength and stiffness.17 The relationship between gamma radiation and mechanical properties has yet to be established at doses between 0 and 25 kGy (standard dose). But it becomes dose-dependent at 25 kGy for cortical bone or 60 kGy for cancellous bone.18 Complete demineralization of the bone graft results in loss of almost all of its mechanical properties. Comparison testing of various graft materials shows allograft or fresh-frozen cancellous bone to be the weakest, failing at 863 N of compression. Air-dried, ethylene oxide-sterilized, tricortical bone failed at an average load of 2308 N, and fresh-frozen, tricortical allograft bone failed at an average load of 2257 N. Rehydrated iliac crest wedges are more deformable than freeze-dried wedges.19 During loading, freeze-dried wedges fail dramatically, fracturing into many small pieces; this occurrence is secondary to its brittle nature. Rehydrated wedges fail with a circumferential fracture along the side of the wedge where the cortical bone is thinnest. It has been recommended that freeze-dried wedges be rehydrated in a vacuum before clinical use.19 When water or saline is added to the vacuum-sealed container holding the wedge, the wedges gain 100% of their wet weight within 5 minutes of addition of the fluid. Graft collapse occurred more frequently with freeze-dried allografts (30%) than with autografts in anterior cervical fusions.


The loads at the lumbar spine have been well documented in various positions and levels of activity.20 Either autograft or allograft iliac crest wedges are biomechanically sound in an interbody fusion of the lumbar spine, since such fusions would provide load-bearing capacities approximately fourfold greater than would be applied in vivo. Specimens from the anterosuperior iliac spine could bear substantially greater axial loads (average 3230 N) compared with specimens from the posterosuperior iliac spine (average 1458 N).21 Fibular strut grafts are the strongest and have been shown to have a compressive strength of 5070 N.22 However, their cross-sectional area, which is important in preventing telescoping of the graft, is much smaller. In interbody fusion, the cross-sectional area of the graft should be substantially greater than 30% of the end plate to provide a margin of safety.23









Incorporation of Bone Graft


Bone graft incorporation is a prolonged process with a sequence of complicated steps involving the interrelationship of the graft and host. This ultimately leads to the envelopment of a complex of necrotic old bone with viable new bone.24 The complex develops through resorption of the necrotic old bone with viable new bone being laid down. The incorporation of the bone graft is a dynamic process involving the following processes: osteoinduction, osteoconduction along with the availability of osteogenic cells, and the structural integrity, which provides mechanical support.14,19,25,26 This ultimately leads to the replacement of the graft by host bone in a predictable pattern under the influences of load bearing.14,27


At the beginning, the inflammatory response at the host-graft interface results in migration of inflammatory cells and fibroblasts into the bone graft. In addition, the developing hematoma enhances the release of both cytokines and growth factors. Osteoinduction is the process whereby a tissue is influenced to form osteogenic elements through chemotaxis, mitosis, and differentiation of the host osteoprogenitor cells. Induction requires an inducing stimulus, such as a piece of bone or an osteogenic cell, and an environment favorable for osteogenesis. Osteoconduction is the process by which capillaries, perivascular tissue, and osteoprogenitor cells from the recipient bed grow into the graft. It can occur within a framework of nonbiologic materials or nonviable biologic materials. In viable bone grafts, osteoconduction is facilitated by osteoinductive processes and therefore occurs more rapidly than in nonviable or nonbiologic materials.28 Ultimately, this process results in the resorption of the original graft tissue and replacement with new host bone. Remodeling is a response to weight bearing.






Differences in Cancellous and Cortical Bone Graft Incorporation


Cancellous grafts are revascularized more rapidly and completely than cortical grafts. The open trabecular pattern of cancellous bone facilitates vessel ingrowth. Revascularization has been reported to begin within a few hours after grafting29 and may be complete by 2 weeks. In contrast, the dense structure of cortical bone prevents neovascular penetration during the first several weeks after grafting, and hence revascularization of cortical bone may take several months. Because of the dense architectural structure of cortical bone, new vessel incorporation follows preexisting haversian and Volkmann canals.30


Several differences exist between the cellular process of repair in cancellous and cortical grafts. With cancellous grafts, primitive mesenchymal cells that originate in the trabeculae may differentiate directly into osteoblasts, thereby resulting in relatively early new bone formation. The new bone forms on the dead trabeculae of the graft. This is followed by a resorptive phase. Cancellous bone initially undergoes an appositional new bone formation phase called creeping substitution, which is the process of new tissue invading along channels made by invasive blood vessels or along preexisting channels in the transplanted bone.31 The necrotic areas within the cancellous bone graft eventually are entirely resorbed by osteoblastic activity and totally replaced with new viable bone. As the revascularization of cancellous bone graft proceeds, primitive mesenchymal cells differentiate into osteogenic cells. These osteogenic cells form osteoblasts that line the edges of dead trabeculae and deposit a seam of osteoid that is annealed to, and eventually surrounds, a central core of dead bone. This process of alignment of osteoblasts on existing bone surfaces, with the synthesis of osteoid in successive layers to form lamellae, is termed appositional bone formation. Thus initially, there is an increase in the size of the graft. Cancellous grafts tend to repair completely with time. The areas of entrapped necrotic bone are resorbed by osteoclasts. In time the cancellous bone graft is completely replaced by viable new bone.


Cortical grafts must undergo osteoclastic resorption before osteoblastic new bone formation occurs. In cortical grafts the repair process is initiated by osteoclasts with preferential early resorption of the external cortical surface. Osteoblasts appear only after bone resorption has begun, and the initial deposition of osteoid usually occurs in resorbed areas. Cortical grafts remain as admixtures of necrotic and viable bone. In cortical grafts, revascularization is primarily the result of vascular infiltration through Volkmann and haversian canals.19 Osteoclasts initiate resorption of bone approximately 2 weeks after vascularization. Resorption is maximal at 6 weeks, and then gradually the graft recovers normal strength by 1 year. New bone is formed and seals off the remaining necrotic bone from further encroachment beginning at around 12 weeks. Thus if a biopsy specimen is obtained from a cortical graft years after placement, it demonstrates an admixture of necrotic and viable bone.












Biomechanics of Graft Incorporation


Porosity is a dominant factor in determining the material properties of bone. It is directly related to the stiffness of the tissue and yield of strength.13,14,32 Therefore, any change in porosity result in important effects on the bone graft material properties. Cortical bone grafts initially may have as little as 5% to 10% porosity, whereas cancellous grafts may be as high as 70% to 80%. This explains the material strength of cancellous graft, which is roughly equivalent to 4% of that of cortical bone.13


Cancellous grafts are incorporated by an early appositional phase. New bone formation onto the necrotic trabeculae of the graft tissue leads to an early increase in graft strength. It has been shown that necrotic bone maintains its mechanical strength.30 Cancellous grafts therefore initially strengthen with the addition of new bone. As the necrotic cores are resorbed, the mechanical strength of the graft area normalizes.


Cortical bone grafts first undergo osteoclastic bone resorption, which significantly increases graft porosity and thus decreases the graft strength. In the canine model of autogenous cortical transplant, the greatest compromise in mechanical strength occurs at 12 weeks30 (Fig. 17-1). The strength returns to normal between 1 and 2 years after transplantation. Human data suggest that cortical grafts lose approximately half their biomechanical strength during the first 6 months—a decline that persists for another 6 months.33 This process is related to osteoclastic graft resorption and is slowly reversed during the second year after implantation. These observations correlate with the highest incidence of mechanical graft failure between 6 and 8 months after transplantation. If the graft is allogenic, this process is further prolonged. Hence it is important to protect segmental grafts during the critical phase when the resorptive phase outstrips the appositional phase. This is usually accomplished by load sharing with spinal instrumentation or a spinal orthosis.
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FIGURE 17-1 Graph illustrating the quantitative temporal interrelationships between the physical integrity and the biologic processes of repair within a segmental autogenous cortical bone transplant. The initial persistence of strength (0–4 weeks after transplantation) indicates the subsequent loss was caused by reparative processes rather than any intrinsic weakness in the material. The sudden loss in strength at 6 weeks is caused by the increased internal porosity. From 6 to 12 weeks, the decrease in mechanical strength is reduced by 50%. The level of porosity continues to increase until week 12 because of the temporal lag in the apposition of new bone formation. At 24 weeks, there is no significant improvement in strength, despite the beginning reduction in the porosity of the transplant and maturation of the callus. At 48 weeks, however, the physical integrity of the transplant has returned toward normal, primarily as the result of decreased material porosity, since the amount of callus has not increased. By 2 years, the physical integrity of the transplant has returned toward normal, primarily as a result of decreased material porosity, since the amount of callus has not increased. By 2 years, the physical integrity of the transplant and the internal porosity of the remaining transplanted material are normal. The biologic completeness of repair (i.e., approximately 50% of the graft is viable) is not significant, because mechanical strength has been retained. The admixture of necrotic and viable bone remains for the life of the individual’s skeletal metabolic activity.


(From Burchardt H: Biology of cortical bone graft incorporation. In Friedlaender GE, Mankin HJ, Sell KW, editors: Osteochondral allografts: biology, banking, and clinical applications, Boston, 1983, Little, Brown, p 55.)












Temporal Profile of Graft Incorporation


During the first week after grafting, both cancellous and cortical grafts have similar histologic features. Both are surrounded by coagulated blood, and the graft is the focus of a tissue response characterized by vascular buds infiltrating the grafted bed. By the second week, fibrous granulation tissue becomes increasingly dominant in the graft bed, the number of inflammatory cells decrease, and osteoclastic activity increases. Within the confines of the graft, osteocytic autolysis proceeds, resulting from anoxia and injury by surgery, with necrosis delineated by vacant lacunae. Some cells, however, survive by diffusion of nutrients from surrounding host tissues. Creeping substitution of cortical bone grafts progresses transversely and parallel to the long axis of the transplanted segment. Thus the repair is found to be greater at the graft-host junctions.34


A study done in rabbits35 showed the sequence of events during the process of dorsolateral intertransverse fusion. Three phases were identified. Phase 1 represents the early reparative phase (1–3 weeks). It consists of hematoma formation and granulation tissue. There is minimal ossification. Phase 2 represents the middle reparative phase (4–5 weeks), when the fusion solidifies. Finally, phase 3 represents the late remodeling phase (6–10 weeks).35


Both membranous and enchondral ossification play a role in the fusion process. Membranous ossification is the predominant mechanism that begins at the termini of the fusion mass and emanates from the decorticated transverse process. The central portion of the fusion mass, where the vascular supply is poorer and movement is greater, heals by cartilage formation and enchondral ossification.









Host Response and Incorporation of Autograft and Allograft


Autograft remains the gold standard in most fusion applications. In certain situations in which available autologous bone is insufficient or when large structural grafts are needed, allograft fusion rates can approach or equal those of autograft rates, without donor site morbidity. A successful spine fusion requires a sufficient area of decorticated host bone, ample graft material, minimal motion at the fusion site, and a rich vascular supply.36


Histocompatibility matching has an important influence on the process of incorporation. Allograft that is mismatched for major histocompatibility complex antigens functions poorly compared with autogenous grafts.37,38 Bone cells display class I and class II histocompatibility antigens, and there are both cellular and humoral responses to bone allografts.39 Syngeneic grafts are the most successful. Grafts with major histocompatibility mismatch have delayed and incomplete revascularization, compared with syngeneic grafts. In addition, marked resorption of bone often occurs, resulting in almost complete loss of graft.38 Freezing the graft, followed by thawing, disrupts and kills the cells. It mutes the antigenicity in major mismatches and thus enhances incorporation of such grafts. However, the killing of cells also diminishes the biologic activity of the graft. It is the osteoinductive component that is mainly affected. The function of an allograft as an osteoconductive system seems virtually unimpaired.


In fresh cancellous allografts, the initial phase consisting of hemorrhage and necrosis is identical to that of the autograft. The fibrin clot and the same inflammatory response develop. However, in the allograft the fibrin clot breaks down, and the granulation tissue, which provides nutrition to the repair site, is invaded by chronic inflammatory cells rather than fibroblasts and blood vessel elements. The major portion of the delay appears to occur in osteoclastic resorption and new bone formation. Final graft incorporation remains incomplete.


In cortical allografts the length of time of creeping substitution is greatly prolonged. The invasion by host vessels and recruitment and differentiation of cellular elements to become osteoblastic and osteoclastic cells are greatly diminished. The proportion of necrotic graft bone to viable host bone is much greater in allogeneic grafts. In fact, the active process of graft substitution may last several years.









Modeling and Remodeling Associated with Spine Fusion


The bone modeling associated with spine fusion is extremely complex. Variables that may affect bone remodeling after graft insertion include (1) the design of implant, materials used, and methods of fixation; (2) the local bone, including its density and shape; and (3) the patient characteristics, including age, gender, hormonal balance, and activity.40 Osteoblasts and osteoclasts are influenced by the magnitude and state of strain imposed on them by load applied to the bone. Stresses or strains within a given range seem to be required to maintain a steady state remodeling of bone in which the rate of bone formation equals the rate of resorption. Stresses below the optimum are often associated with stress shielding, leading to bone resorption. Stresses and strains exceeding upper limits can also produce resorption of bone as a result of pressure necrosis. Cyclic stresses are required to maintain osseous homeostasis. Constant loads, even when within the desired range, can result in insufficient stimulus to maintain bone mass. Observations of strain-related electric potentials in bone, biopotentials, and electrical stimulation of osteogenesis suggest that bioelectric phenomena function as the regulators of adaptive remodeling of bone.









Growth Factors and Cytokines in Regulating Bone Remodeling


Bone cells carry out diverse functions and are mainly derived from two cell lines: mesenchymal and hematopoietic. The mesenchymal stem cell line consists of undifferentiated cells, or preosteoblasts, that differentiate into osteoblasts, bone-lining cells, and osteocytes. The hematopoietic stem cell line consists of circulating marrow monocytes that differentiate into preosteoclasts and osteoclasts. These cells are regulated by various cytokines.


Bone formation in spine fusion is a complex and regulated process. The cellular events involved in bone formation include chemotaxis of osteoblast precursors, proliferation of committed osteoblast precursors, and differentiation and expression of regulatory factors and structural proteins of bone and mineralization.41 These processes require tight regulatory control. They may be modulated by systemic hormones, such as parathyroid hormone, but predominant control is by local factors or cytokines. Cytokines are small proteins that serve as signaling agents for cells. Cytokines are classified based on their cellular origin and principal biologic activities.42 The main families include interleukins, tumor necrosis factors, growth factors, colony-stimulating factors, interferons, and chemokines.


Bone morphogenetic protein (BMP) is a member of the transforming growth factor beta (TGF-β) superfamily. The BMP constitutes a growth family of more than 12 proteins, 9 of which have been shown individually to induce ectopic bone formation.43 They are water soluble, noncollagenous substances found in the bone matrix with osteoinductive activity. BMPs 2, 4, and 7 are specially increased in the primitive mesenchymal and osteoprogenitor cells, fibroblasts, and proliferating chondrocytes present at the fracture site.18,44,45 During the phases of healing, the expression of BMPs 2, 4, and 7 is strongly present in undifferentiated mesenchymal cells during the inflammatory phase. During intramembranous ossification, these BMPs are strongly present in the proliferating osteoblasts. During chondrogenesis and endochondral ossification, BMPs 2 and 4 are found in proliferating chondrocytes and strongly in osteoblasts near the endochondral ossification front. BMP 7 is found in later stages of healing in proliferating chondrocytes and weakly in mature chondrocytes.18,45 BMPs also affect the expression of other growth factors that may function to mediate the effects of BMPs on bone formation.


They are the most widely investigated osteoinductive growth factor in spine fusion.43,46 Several animal studies have shown that recombinant human (rh) BMPs 2, 4, and 7 induce bone formation at an orthotopic site at which the integration with the preexisting bone is structurally sound. It has also been shown that BMP plus marrow yields the highest union rates (100%) and is three times better than autogenous cancellous graft.46-54


However, other factors may play a role in the biologic response to rhBMP in vivo, including the time course activity of rhBMP on the bone formation process, its interaction with other growth factors, and the influence of delivery vehicles.












Biomechanics of Fusion


There is a wealth of literature on the biomechanics of fusion, but the vast majority involves in vitro models. In vivo, a variety of biologic factors influence the mechanical properties of fusion mass. The type of surgical construct and choice of bone graft should be individualized, based on the biologic and mechanical considerations. The main indications for a spine fusion are listed in Box 17-1.





BOX 17-1 Primary Indications for Spine Fusion


Deformity: To correct and prevent progression of deformity


Eradication of disease: Examples include metastatic disease and osteomyelitis in which diseased bone is removed and stability restoration is required


Instability: To restore the structural integrity


Painful motion segment: Includes low back pain caused by segmental instability









Biomechanics of the Fusion Mass


In dorsal and dorsolateral fusion, healing occurs through callus formation. As ossification proceeds, the callus is converted from a low-stiffness, rubbery quality to a hard tissue type of resiliency. The mineralization of the callus progressively increases its tensile strength. The fusion site during all stages of the reparative process is highly susceptible to mechanical forces directly related to the amount of motion between the graft fragment and host surface. The amount of relative motion determines the morphologic patterns of fracture repair. As healing proceeds, the amount of motion decreases. When mechanical stability is compromised, more cartilage always forms and, occasionally, an exuberant callus. Frequently, with excessive motion the fusion mass is incomplete and a pseudarthrosis develops. Rigid internal fixation has been demonstrated to reduce pseudarthrosis rates in most clinical applications.









Positioning of Bone Graft


As White and Panjabi20 describe, “The placement of a fusion mass at the maximum distance from the instantaneous axes of rotation will be more effective in preventing the movement around those axes” (Fig. 17-2). The instantaneous axis of rotation (IAR) is defined as the point in the body, or some hypothetical extension of it, that does not move when a rigid body moves in a plane. An axis perpendicular to the plane of motion and passing through the point is the IAR for that motion at that instant (Fig. 17-3). It can be defined more simply as the axis around which the vertebral body rotates. It is like a fulcrum. Usually, but not always, the IAR passes through the confines of the vertebral body. With isolated destruction of columns of the spine, the IAR migrates to the remaining intact structures, as shown in Figure 17-4.





[image: image]

FIGURE 17-2 A, To prevent the opening of the blades of the scissors by holding them together, it is distinctly easier to pinch the blades together at the tips (distance B) rather than at the midpoint of the blade (distance A). Because distance B is farther from the instantaneous axis of the rotation (IAR), there is greater leverage. The same concepts apply to the vertebral functional spinal unit. Flexion, separation, or opening of the spinous processes is more readily prevented by placing the fingers at the tips of the spinous processes (distance B) rather than at the facet joints (distance A). Thus, with regard to a flexion movement, a healed bone graft at distance B, at the tips of the spinous processes, is more effective than one closer to the IAR, other factors being constant. These concepts partially explain the efficacy of the rather delicate interspinous and supraspinous ligaments. B, The concept of leverage is shown again here. The anterior bone graft A is a short distance (analogous to L) from the IAR and therefore provides less leverage than bone graft B, which is a greater distance (analogous to 2L) from the instantaneous axis of rotation.


(From White AA, Panjabi MM: Clinical biomechanics of the spine, Philadelphia, 1990, JB Lippincott, p 533.)
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FIGURE 17-3 Instantaneous axis of rotation (IAR). A construction for determining the IAR is shown. A1–A2 and B1–B2 are translation vectors of points A and B.


(From White AA, Panjabi MM: Clinical biomechanics of the spine, Philadelphia, 1990, JB Lippincott, p 660. Reprinted with permission.)
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FIGURE 17-4 Location of the axis. The location of the IAR for the intact and compromised specimens. A, Facet joints compromised. B, Intact spine. C, Facet joints and anulus compromised.


(From Haher TR, O’Brien M, Felmly WT, et al: Instantaneous axis of rotation as a function of the three columns of the spine. Spine [Phila Pa 1976] 1992:17[6S]:S153. Reprinted with permission.)





The greater the distance of the fusion mass from the IAR, the greater the leverage in preventing motion around those axes of rotation. Examples include dorsal, dorsolateral, and intertransverse lumbar fusion, in which the fusion mass is located at a distance from the IAR (which is located in the region of the vertebral body). A ventrally placed graft is closer to the IAR and applies less leverage, but can still be extremely effective, especially in cases of anterior column deficiency.


The concept of rigidity is also important. A fusion mass that involves all the dorsal elements and transverse processes provides more rigidity than a fusion that only involves the spinous process. In some situations it can be disadvantageous to place the graft at a distance from the IAR. For example, after a dorsal fusion to treat discogenic pain, motion may still occur at the disc interspace, even when all dorsal elements except the pedicle are fixed.55,56 In such situations an interbody fusion may be considered (Fig. 17-5).57
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FIGURE 17-5 Illustration of the position of a bone graft (B), which can provide maximum rigidity by eliminating interbody motion.


(From White AA, Panjabi MM: Clinical biomechanics of the spine, Philadelphia, 1990, JB Lippincott, p 535. Reprinted with permission.)





The production of biomechanical changes as a function of different types of lumbar fusion has been studied.58,59 The three types of fusion evaluated included dorsal, bilateral lateral, and ventral. All types of fusion increased bending and axial stiffness. There is increased stress on the adjoining segments that were not fused, especially the facet joints. Overall, bilateral intertransverse fusion is a superior method because it provides good stabilization to the fused segments and has less effect on adjacent, unfused segments, especially the facet joints. Dorsal (intraosseous) fusion is the least beneficial, producing the highest amount of stress in adjoining segments and allowing superficial motion in the disc space.


The spine experiences compressive forces on the concave side and tensile forces on the convex side of a curve. In the lumbar spine, if the graft material is placed in the intervertebral disc space, it is subjected to compressive loading. It is believed that compressive forces acting on the graft will promote fusion by stimulating the osteoconductive healing process. In contrast, a graft placed in a dorsal location experiences only tensile forces and will not be stimulated in a similar manner (Fig. 17-6).
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FIGURE 17-6 A, The spinal column may be analyzed by regarding it as similar to a beam. There is tension on the convex side of the curve and compression on the concave side. The dashed line is the neutral axis, and there is neither tension nor compression along this line. B, Bone grafts inserted at the various points tend to behave as follows. The graft on the convex side of the curve is mainly under tension and cannot resist deforming forces until fully attached at both interfaces. The graft at the dashed line (neutral axis) provides little or no resistance to bending in the plane of the page. C, In the spine, the graft at position 1 is well away from the neutral axis and when biologically fused at both interfaces can offer effective tensile resistance against progressive kyphosis. The graft at position 2 can do the same, but is less effective because it is closer to the neutral axis. The graft at position 3 is not likely to be as effective as those at position 1 or 2 in preventing progression of deformity because it is even closer to the neutral axis. The graft at position 4 is effective because it immediately begins to resist compressive forces and therefore tends to prevent additional deformity and angulation at that point. The graft is also some distance away from the neutral axis, giving it a mechanical advantage.


(From White AA, Panjabi MM, Thomas CL: The clinical biomechanics of kyphotic deformities. Clin Orthop Relat Res 8:128, 1977.)












Kyphotic Deformity and Bone Graft Positioning


At the IAR, there is neither compression nor tension. The farther instrumentation or bone graft is placed from the IAR, the greater the stress. For instance, in a kyphotic deformity, dorsal instrumentation is subjected to severe tensile stress. To reduce stress on a dorsal implant, some structural graft should be placed as ventrally as possible, away from the IAR. This counteracts the tensile stress dorsally. At times, with severe kyphotic deformity, multiple ventral grafts may be required (Fig. 17-7). It has been demonstrated that ventral and dorsal fusions are associated with a better correction and maintenance of correction than the dorsal group, but only with congenital kyphosis.60
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FIGURE 17-7 Illustration of the various locations of ventral bone grafts for kyphotic deformity. The biomechanical considerations involved in choosing graft A, B, or C are discussed in the text.


(From White AA, Panjabi MM, Thomas CL: The clinical biomechanics of kyphotic deformities. Clin Orthop Relat Res 8:128, 1977.)












Load Sharing


Denis61 introduced the three-column theory of the spine to classify and assist with the management of thoracolumbar spine injuries. Of these three columns, the anterior and posterior columns are the principle support structures.62 The anterior column resists compression and axial loading, and the posterior column maintains the tension. To maintain an erect posture, all forces and movements must be balanced about the IAR. The IAR is located dorsal to the anulus fibrosus in the intact spine.63


Deficiencies in the anterior or posterior column in the thoracolumbar spine usually lead to kyphosis.64 Kyphosis is corrected by lengthening the anterior column or shortening the posterior column. If the anterior or middle column is destroyed, alignment can be restored by a ventral structural graft and the resulting fusion. In this situation the axial load is shared by both anterior and posterior columns. When deciding on whether to perform a ventral or dorsal fusion, or a combination of both, the principles of load sharing should be considered. If both the ventral and dorsal elements are involved, both columns usually must be instrumented and fused. For example, a burst fracture will be compromised if the dorsal elements frequently require both ventral and dorsal spine reconstruction. With persistent posttraumatic kyphosis after a dorsal instrumentation procedure to treat a cervical or thoracolumbar fracture, anterior column load sharing is eliminated. Instrumentation such as a pedicle screw implant is exposed to high cantilever bending loads and may therefore fail.65 With correction of a kyphotic deformity, ventral surgery may not be necessary if the weight-bearing line is shifted behind the axis of rotation.66 By shifting the center of gravity dorsally, the anterior column does not have to support as much axial load. The prerequisites for such a strategy include (1) correction or overcorrection, if surgically feasible; (2) intact dorsal elements; and (3) good osteogenic potential. If sagittal correction is not accomplished, the load on the anterior column is high, and anterior column reconstruction is needed to prevent dorsal instrumentation failure.


Ventral instrumentation, without structural bone grafting, usually fails. A strong structural graft is required to resist axial loading and flexion.67 Tricortical ilium, fibula, humerus, or titanium cages packed with autogenous graft provide excellent anterior column support. However, single-rib grafts do not provide adequate structural support. Load sharing, in this case, implies a balance between ventral structural bone grafts and ventral or dorsal instrumentation. As the fixation length of ventral and dorsal constructs is reduced, load sharing with the anterior column has become increasingly important in reducing the incidence of failure of the shorter devices. The conditions frequently requiring both ventral and dorsal reconstruction include tumors involving both anterior and posterior columns, fractures involving all three columns, and postlaminectomy kyphosis.64


In dorsolateral spine fusion, instrumentation adds to the stability of the fusion by significant load sharing. In a human spine model where bilateral facetectomies were performed and transpedicular screws were used to restore stability, the spinal instrumentation provided 68% of the load sharing, along with the anterior and middle columns.68 As the fusion mass develops in vivo the load-sharing component of the instrumentation decreases. If an adequate fusion mass does not develop, the cyclical stresses placed on the instrumentation will lead to hardware failure (Fig. 17-8).





[image: image]

FIGURE 17-8 The relationship between bone fusion acquisition and spinal implant integrity changes with time after surgery.


(From Benzel EC: Biomechanics of spine stabilization, New York, 1994, McGraw-Hill, p 104.)












Stress Shielding


In a canine model, dorsolateral fusion without instrumentation resulted in fusion in only 57%, compared with a 100% fusion rate with pedicle screw fixation and a 71% fusion rate with Luque rods. Histologic evaluation of the vertebral body at the level of the fusion demonstrated osteoporosis in animals that had received instrumentation. This has been corroborated in humans.69 Patients who had undergone instrumented dorsolateral lumbar fusion were found to have decreased vertebral body mineral density at the level of fusion, compared with matched controls. This phenomenon has been termed stress shielding. However, in animal models the spine fusions that had been instrumented demonstrated increased areas of bone incorporation and biomechanical stability,70-72 and for any preexisting osteoporosis, compensation was more than adequate. In general, rigid fixation results in better union. Ventral interbody fusions are more prone than dorsal-only fusions to the negative effects of stress shielding.












Biomechanical Consideration at Specific Sites


Ventral cervical spine fusions are commonly performed using the Smith-Robinson technique. It achieves a wide decompression and provides an optimal load-bearing capacity (Fig. 17-9). The end plates are left intact. The cancellous portion of the graft is in contact with the vertebral end plates and readily permits revascularization. It is important to remember that transplanted bone weakens as resorption proceeds and, consequently, the graft is weaker at 6 months than at the time of implantation.





[image: image]

FIGURE 17-9 Graft configuration: How the graft fits into vertebrae, and how the vertebrae are altered to receive it. Type I: Smith-Robinson. Type II: Cloward. Type III: Bailey-Badgeley (modified). The numbers are mean values for load-bearing capacity of each of the three surgical constructions. LAT, lateral.


(From White AA, Jupiter J, Southwick WO, et al: An experimental study of the immediate load-bearing capacity of three surgical constructions for anterior spine fusions. Clin Orthop Relat Res 91:21, 1973.)





In the thoracic spine, segments of ribs may be used to provide structural support. However, they have a low compressive strength, which is related to their unfavorable length-to-width ratio, curvature, and small area of contact with the end plate. Fibular strut grafts or iliac crest grafts can be used, if structural support is important. Figure 17-10 demonstrates the relative strengths of various grafts used in ventral thoracic/lumbar fusion.





[image: image]

FIGURE 17-10 Compressive strength of anterior thoracic/lumbar grafts. The fibular graft (FIB) was significantly stronger in compression (P = .05) than the anterior (A-IC) and posterior (P-IC) grafts and the rib (RIB) graft.


(From Wittenberg RH, Moeller J, Shea M, et al: Compressive strength of autologous and allogenous bone grafts for thoracolumbar and cervical spine fusion. Spine [Phila Pa 1976] 15:1076, 1990.)





In the lumbar spine, despite the potential for surgical complications, interbody fusions are being increasingly performed. The lumbar spine experiences static loads in the range of 759 to 1600 pounds and up to 2000 pounds for high loading. The compressive strength of iliac allografts ranges from 396 to 1475 pounds, whereas femoral cortical rings have a strength in excess of 15,000 pounds. Some surgeons thus prefer femoral cortical allografts.73 Interbody cages are another option because they eliminate the associated iliac crest harvest complications.


The dorsolateral intertransverse fusion is the most commonly performed fusion procedure. It involves the facet joints, the pedicles, the transverse process, and the gutter between them. This fusion provides greater stability with axial rotation and lateral bending. Motion can persist, even after solid fusion, and can cause discogenic pain, particularly when the facet joints are not included in the arthrodesis. This motion occurs through the pedicles and can be minimized by augmenting the fusion with spinal instrumentation.74,75









Summary


Bone is a complex and constantly changing structure. The dynamic nature of bone and its remarkable healing potential determines the final outcome of spine fusion. The surgeon’s technical skill and implant design only facilitate this healing process. An augmented understanding of the basic structure and biomechanics of bone interfaces is advantageous to the surgeon in choosing appropriate grafts for specific situations and in minimizing the risk of late complications such as pseudarthrosis. There is currently an explosion of knowledge regarding the mechanisms of bone formation and the control of bone cell function. In the near future we will have the opportunity to exploit this to significantly enhance the outcomes of fusion procedures.
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Chapter 18 Bone Void Fillers


Bone and Bone Substitutes
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One of the most common types of graft (second only to blood) is bone, with over 450,000 procedures using bone performed annually in the United States, and 2.2 million worldwide.1 Spine arthrodesis is the most common reason for autogenous bone harvest, with approximately 250,000 spinal fusions performed in the United States each year.2 Autogenous cancellous bone is the gold standard against which all other bone graft materials are compared. The osteogenic, osteoinductive, and osteoconductive properties of autograft are unequaled in stimulating bone repair. The procurement site of choice is the iliac crest because of the quantity and quality of available bone. Nevertheless, there are significant drawbacks to autograft, including procurement morbidity, limited availability, and increased operative time. In fact, iatrogenic complications originating from the graft procurement site represent a significant source of patient and physician concern. The primary operation may be successful, but the secondary procedure can result in increased patient recovery time and disability.3-6


Allograft is a commonly chosen alternative to autograft, especially when autografting is either impractical or impossible. However, this convenience comes at a price. Just like any organ allograft transplant, the allograft has the potential to transfer disease and trigger a host immune response. The allograft is heavily processed to mitigate these risks at the expense of impaired osteoinductivity and diminished mechanical properties. This renders allograft inferior to autograft as a bone graft material. In addition, processing adds to the already significant procurement costs.


By virtue of these drawbacks to both auto- and allograft, synthetic alternatives have been a very active area of research over the past 30 years. Nevertheless, only about 10% of the 2.2 million bone graft procedures annually performed worldwide involve synthetics, because of their perceived inferiority to native autograft and allograft.1 Drawbacks of many synthetics include poor resorbability, inclusion of animal or marine-derived components, variable handling characteristics, limited availability, and added cost. Until recently, synthetic grafts provided only osteoconductive properties, lacking osteoinductive and osteogenic potential. However, composite grafts that combine a synthetic osteoconductive matrix with osteoinductive growth factors and osteogenic cells have the potential to provide the advantages of autogenous bone graft—without its disadvantages. Numerous preclinical and clinical trials are under way to determine whether this potential can be realized.






Use of Cancellous Bone Grafts versus Substitutes






Role of Cancellous Bone


Cancellous bone can be considered a scaffold within which a variety of cell types interact to perform a wide array of essential functions, in addition to its importance as the nurturing microenvironment for hematopoiesis, myelogenesis, and platelet formation. Cancellous bone serves as an incubator that protects and grows the sources of its own maintenance and the renewal of pluripotent osteoprogenitor stem cells. The growth, migration, and differentiation of these bone-forming cells are regulated by local growth factors that are elaborated by the cells and platelets within the cancellous bone.7 In line with its role as a cell incubator, cancellous bone is highly porous and vascular. It demonstrates a limited weight-bearing function and is susceptible to collapse under compressive forces. Cortical bone surrounds and protects the cancellous bone. This dense structural material makes up the bulk of the skeleton and provides for its axial load-bearing capabilities.









General Characteristics of a Successful Bone Graft


A bone graft functions similarly to cancellous bone, supporting new tissue growth by providing the bone and blood cells with a matrix substrate. For a bone graft to be successful, three processes—osteogenesis, osteoconductivity, and osteoinductivity—that mimic natural events in cancellous bone must take place.






Osteogenesis


Osteogenesis is the process of bone formation through cellular osteoblastic activity, which depends, in turn, on the presence of osteoprogenitor stem cells. Osteogenic grafts provide cells with the direct ability to form new bone.









Osteoinduction


Osteoinduction is the biologically mediated recruitment and differentiation of cell types essential for bone formation. Osteoinductive grafts supply factors that induce undifferentiated tissue to differentiate into bone.









Osteoconduction


Osteoconduction involves the apposition of growing bone to the three-dimensional surface of a suitable scaffold provided by the graft.8 Osteoconduction requires the structural and chemical environments that simulate those found in cancellous bone.9 The ideal scaffold provides dimensional stability and degrades at a rate commensurate with the speed of new bone formation.1


In addition, material for a successful bone graft must have good handling characteristics, be nontoxic (e.g., not leach chemicals into the circulation), and exhibit biomechanical characteristics (e.g., tension, compression, modules of elasticity) similar to those of cancellous bone. Spine surgeons currently are using a variety of materials, both stand-alone and in combination. Table 18-1 summarizes the biologic properties that constitute a graft’s osteointegrative capabilities (i.e., the formation of bony tissue around the implant without growth of fibrous tissue at the bone-implant interface).10,11




TABLE 18-1 Osteointegrative Properties of Bone Graft Materials


[image: image]














Potential Uses of Natural and Synthetic Bone Grafts


Surgeons introduce bone graft, natural or synthetic, for many types of repair procedures: in fusion (e.g., cervical fusion after discectomy, as an onlay lumbar graft, an interbody lumbar graft, and in fractures) and as a bone void filler (e.g., collapsed vertebral body, autograft donor site repair, bony defects as a result of trauma or tumor resection, osteonecrosis). Synthetic graft material also can be used in conjunction with either autograft or allograft as a bone graft extender.












Graft Materials






Autograft






Pro


Autograft includes osteogenic bone and marrow cells as well as an osteoconductive matrix of cartilage, minerals, matrix proteins, and osteoinductive proteins associated with the matrix.12 Neither host rejection nor disease transmission is an issue with an autograft. The combination of these properties can result in high graft success rates. Many spinal fusion procedures (e.g., dorsal cervical. thoracic, and intervertebral) that use autogenous graft produce fusion rates higher than 90%.2









Con


Because the separation of body tissue from its blood supply results in cell death,2 the viability of autogenous bone as a living graft and host is severely compromised when it is harvested. Furthermore, the quality of the donor stock is not constant; it depends on many factors, such as the patient’s age, gender, health, and genetic disposition. Thus, the use of autograft does not always effect repair. This opens the door for alternatives. Although some spinal fusion procedures result in high fusion rates, the results are not uniform. Many common procedures, such as dorsolateral lumbar fusion, produce fusion rates as low as 56%.2,13 Although autogenous bone is regarded as the gold standard, its biologic performance is less than ideal.14


However, probably the greatest drawback to autograft use is the need for a second fascial incision and surgical dissection, with the attendant potential for complications.15 In fact, minor complications such as superficial infection, seroma/hematoma, temporary sensory loss, and mild or transient pain are common. Major complications occur at the donor site range in 0.7% to 39% of patients.2,16 These include infection, prolonged wound drainage, herniation of muscle and abdominal contents through the donor defect, deep hematomas, need for reoperation, pain lasting longer than 6 months, profound sensory loss, vascular and neurologic injury, unsightly scars, subluxation, gait disturbances, sacroiliac joint destabilization, enterocutaneous fistula, pelvic or iliac fracture, and heterotopic bone formation.17-19 Life-threatening complications include major vessel or visceral injury.


Neurologic injury may occur from dissection close to several nerves in the area (e.g., sciatic, lateral femoral cutaneous, and cluneal).6 Vascular injury to the superior gluteal vessels may occur from dissection too close to the sciatic notch. Chronic pain at the donor site, present in up to 25% of cases,20 may be attributable to excessive removal of bone from the sacroiliac region with violation of the sacroiliac joint.6


Hu and Bohlman6 reported a series of 14 patients who suffered a fracture at the iliac bone graft procurement site after spine fusion. Most of these patients were elderly women with chronic medical diseases. The authors, therefore, recommend iliac bone graft procurement with caution in this group to minimize the potential for these iatrogenic fractures. Based on subsequent cadaver studies, the authors recommend leaving at least 3 cm between the anterosuperior iliac crest and the graft procurement site21 and a maximum distance of 3 cm from the dorsal ilium.22


Although the risk of surgical complications theoretically can be minimized, certain procurement issues remain. These include increased operative time and blood loss, temporary disruption of donor-site bone structure, pain, vascular injuries, and cosmetic defects.12,20


Bone also can be obtained from the local decompression site or from a remote site such as the rib or tibia. These sites have their own problems, however, and typically are a choice of last resort.












Osteoconductive Matrices


Most other bone grafts serve primarily as an osteoconductive matrix, with minimal to no self-supplied osteogenic or osteoinductive properties. The trade-off is greater source availability and elimination of the need for a second operative site. The structural properties of the three-dimensional scaffold matrix (especially the degree of porosity) are the primary determinants of the speed and completeness of incorporation and remodeling. The osteoconductive scaffold provides an appropriate environment into which bone cells and bone morphogenetic proteins (BMPs) can migrate, adhere, and proliferate.









Allograft


Allografts initially were used only for massive grafting where autograft use was impossible. However, by 1996 allografts constituted 34% of all bone grafts performed in the United States, an increase in use of more than 14-fold compared with just a decade earlier.14 Allograft has become the most common autograft substitute or extender for autograft.






Pro


Three factors have led to the surge in popularity of allograft.14 First, the National Organ Transplant Act increased overall availability. Second, donor screening and tissue processing have improved safety and quality of donated tissue. Third, the manufacture of new allograft forms (e.g., dowels) has greatly improved overall allograft utility and versatility. Perhaps the greatest advantage of allograft is its wide availability in a variety of physical forms that can be customized to specific applications. Machine tooling to shape structural allograft into forms such as wedges or threaded bone dowels can allow allograft to function as both bone graft and fixation device.2 Other advantages include the reduction of procurement morbidity, the potential for immediate structural support, and a reasonable success rate (>60%) reported for specific procedures (e.g., hip revision surgery, management of tumors in bone).23 Success rates for ventral-spinal lumbar fusions with allograft are comparable to those with autograft.24









Con


Allografts do not generate results equivalent to those of autografts.24 Allografts can vary greatly in initial bone quality, be of higher initial expense, transmit disease, and evoke immunogenic reactions.25 Processing constraints, required for patient safety, do not guarantee the absence of disease transmission or immunogenic reaction, but they do minimize risks posed by these adverse responses. One study of 1146 femoral heads considered suitable for bone-bank donation found unexpected disease in 8%, including three undiagnosed malignant bone tumors.26 Minimal processing of allograft (i.e., freezing freshly obtained bone) is not sufficient to inactivate the AIDS virus, as HIV transmission has been reported by this means.24


Processing renders the graft nonviable and mitigates osteoinduction potential by destroying proteins useful in recruiting bone cells and inducing new bone formation. Because the processed allografts are less representative of human tissue compared with autografts, allografts are not as readily received and incorporated by the host. Allografts are slower to be resorbed and not as completely replaced by new bone compared with autografts.24 The structural integrity of the processed bone complex also is compromised, and stability at the defect site, critical for rapid healing and return to function, is more difficult to achieve.2,27 Results are especially poor for dorsal lumbar fusion,24 and lower reported fusion rates for allograft implants compared with autograft-only implants were found in two studies.2


The quantity of allograft material is constrained by limited supply; tissue banks report difficulty with procurement because of fear of gross disfigurement at the donor site.28 Donor-to-donor variation results in uncertain, nonuniform quality.29 Bone quality varies with donor age and gender; even same-size bones from different anatomic sites in a single donor can vary in strength by as much as 20%.27


A low-grade inflammatory reaction typically is associated with allograft.25 This immune response may contribute to allograft failure (i.e., fracture and nonunion).24,30,31 Because of an initial intense inflammatory reaction, new capillaries are easily thrombosed, resulting in a delay in vascularization and osteoinduction.24 Even at maturation, necrotic bone can account for as much as 50% or more of the graft.24


A literature review of animal studies suggests a correlation between histocompatibility difference and allograft failure, both biologically and biomechanically.30 In a mouse model, the immunologic reaction appears to be specific to donor antigen and consists of killer/suppressor T cells, which are associated with soft tissue rejection.30 In humans, alloreactivity appears similar to the animal findings, resulting in an overall sensitization rate of 67%, higher than that seen after blood transfusion (12–50%).23,32 The immune response system may share common bone marrow-derived precursors and cytokines with the bone remodeling system, explaining the potential interaction of the immune response with bone remodeling.30 The most convincing evidence of a causal relationship between immunogenicity and poorer outcome is that among 29 patients studied who received allograft, those lacking sensitization to class II antigens achieved better clinical results than did sensitized patients.23


The two types of allograft in common use, fresh-frozen and freeze-dried, differ in their processing, which gives each different advantages and disadvantages. Fresh-frozen allografts retain BMP, are stronger and more completely incorporated in host bone than freeze-dried grafts,24 but also are the most immunogenic and have produced documented HIV transfer. Freeze-dried allograft is the least immunogenic and has caused no documented HIV or viral disease transmission. However, its BMP is destroyed, and it has the most compromised mechanical integrity, with decreased graft strength of up to 50% relative to freshly frozen allograft.2,27


In summary, although allograft tissue processing is necessary, it adds expense, reduces graft function both biologically and mechanically, and does not eliminate allograft risks entirely. Despite processing, histologic evidence of a low-grade inflammatory reaction is typical. These factors indicate that allograft is an inferior graft compared with autograft.












Demineralized Bone Matrix


Demineralized bone matrix (DBM) is thought to possess more osteoinductive properties than regular allograft because of enhanced bioavailability of growth factors following the demineralization process.2,25 DBM gels and putties have become widely used in spinal fusion surgery since 1990, with about 500,000 mL used for implants each year in the United States.2 The first widely available DBM preparation was a gel consisting of DBM combined with a glycerol carrier. One retrospective study assessed the augmentation of local bone autograft with a DBM/glycerol composite for dorsolateral lumbar spine fusion as a means to avoid second-site autologous bone harvest. The control group used iliac crest autograft alone. The percentage of patients undergoing fusion was similar in both groups (60% and 56% for DBM and controls, respectively; P = .83).33 Although prospective clinical studies are under way, available data suggest a role for DBM as a bone-graft extender, rather than as a bone-graft substitute, in spinal surgery.2 Now there are several commercially available DBM substances for clinical use. Wang et al. studied the osteoinductibility of each DBM by comparing the usefulness of the different types of DBM as a bone graft substitute in an athymic rat spine fusion model. He reported that there are significant differences between some of the tested products, although all products claim to have significant osteoinductive capabilities. He noted that several factors such as differences in preprocess handling, varying demineralization times, final particle size, terminal sterilization, the differences in the carrier, and donor viability are expected to influence the properties of a DBM product. He also emphasized that a specific, sensitive, and reliable screening assay of the osteoinductive properties of DBM and objective information about each product’s osteoinductivity are much needed.34









Xenograft


Xenograft bone tissue is harvested from animals. Because of their immunogenicity, xenograft preparations generally have proven impractical for clinical use. Removal of proteinaceous and fatty materials during processing, as is done in the preparation of Kiel bone, Bio-Oss (Osteohealth, New York), or Oswestry bone, reduces immunogenicity to a degree.35 However, the processing required to produce this type of graft removes the osteoinductive matrix proteins. To guarantee viral inactivation, all such proteins must be removed. Processing strategies, such as freezing and freeze-drying, are less common than in the past because of unacceptable disease-transmission risk. Chemical washes have become more prevalent, but these tend to reduce or eliminate osteoinductivity.









Ceramics






Noninjectable Ceramics


Synthetic ceramics are osteoconductive but do not intrinsically possess any osteoinductive potential. The most common ceramics in current use are hydroxyapatite [Ca10(PO4)6(OH)2], tricalcium phosphate [Ca3(PO4)2], calcium sulfate dihydrate [CaSO4 2(H2O)], and combinations thereof.


Although they exhibit different chemical properties from tissue grafts, ceramics provide off-the-shelf availability of consistently high-quality synthetic materials that have no biologic hazards. After incorporation, the strength of the repaired defect site is comparable to that of cancellous bone.36 Therefore, ceramics can be used as an alternative or as an addition to either cancellous autograft or allograft37 or as a cancellous bone void filler or bone graft extender or in sites where compression is the dominant mode of mechanical loading.


In a randomized, prospective study of 341 patients undergoing dorsal spinal fusion for idiopathic scoliosis, patients received autograft or synthetic porous ceramic blocks (macroporous biphasic calcium phosphate [MBCP], Triosite, Zimmer, Inc., Warsaw, IN; a mixture of hydroxyapatite and tricalcium phosphate).38 Curve correction, curve maintenance, pain, and function were comparable between the two groups 18 months postoperatively. However, wound complications were more common in the autograft group—14 patients experienced delayed healing, infection, or hematoma compared with only 3 wound complications in the MBCP group. In addition, 15 autograft patients had pain at the donor site at 3 months. Other donor-site complications at 3 months included seven infections, two hematomas, and four cases of delayed healing. Histologic findings showed new bone incorporating into the MBCP—evidence of good osteoconduction. These results suggest that synthetic porous ceramic is a safe and effective substitute for iliac graft autograft in this patient population.


Another prospective study of 106 cases of lumbar spinal fusion used MBCP granules mixed with autogenous bone chips and bone marrow obtained from the local spine.39 Dorsal deformity correction using semi-rigid instrumentation was performed in all patients. Only six nonunions were observed (three resulting from primary spondylolisthesis), suggesting a high success rate for MBCP in spinal fusion involving a semi-rigid instrumentation. The authors conclude that because the degenerative spine is not favorable to fusion, this technique offers an alternative to autograft to reduce patient morbidity from iliac bone harvest.39


Cost may become prohibitive in selected cases. This and unproven clinical efficacy make assumptions regarding widespread clinical applications tenuous.









Rapidly Resorbing Ceramics


Scaffolds of tricalcium phosphate (the α and β forms have different crystalline structures but the same elemental and stoichiometric characteristics; the α form is formulated at 1200°C and the β form is formulated at 800°C) and calcium sulfate have been used as synthetic bone void fillers for more than 20 years.40,41 Calcium phosphate contains stoichiometric amounts of calcium and phosphorus, 39% and 20% by weight, respectively, similar to those found in natural bone.42 It produces calcium-phosphate–rich microenvironments that stimulate osteoclastic resorption and then osteoblastic new bone formation, resulting in new bone formation within the resorbed implant.43 Less porous formulations resorb before complete bone ingrowth is achieved.25 The rate of resorption and the porosity of several bone substitutes are presented in Tables 18-2 and 18-3.


TABLE 18-2 Resorption Characteristics of Ceramics






	Ceramic

	Speed of Resorption






	Hydroxyapatite

	Slow






	β-Tricalcium phosphate

	Intermediate






	
α-Tricalcium phosphate

	Rapid






	Calcium sulfate

	Very rapid







TABLE 18-3 Porosity and Osteoconductivity of Ceramics






	Ceramic

	Porosity/Osteoconductivity






	Calcium phosphate

	Very little






	Hydroxyapatite

	Little






	
α-Tricalcium phosphate

	Intermediate






	β-Tricalcium phosphate

	Very high







Calcium sulfate (plaster of Paris) is available in pellet form. Although calcium sulfate is considered an osteoconductive bone graft substitute, its rapid resorption rate creates doubt about its ability to maintain a three-dimensional framework to support osteogenesis.44









Intermediate Resorbing Ceramics


β-Tricalcium phosphate (β-TCP) is one of the most commonly used bone graft alternatives. In the process of being resorbed, it can enrich the local environment with osteogenic substrates that, in turn, can be used by activated osteoblasts. Many highly porous β- TCP ceramics are commercially available. Currently they differ from previous β-TCP formulations in that they have a broad range of pore sizes (<1 μm to 1000 μm), and sponge-like interconnected microporosity endowed with excellent wicking and hydrophilic properties. These attributes facilitate the migration of bone-forming cells, growth factors, and phagocytic cells into it, enhancing the process of new bone development and its resorption.45









Slowly Resorbing Ceramics


Hydroxyapatite, another ceramic-based synthetic bone graft, can be formed into a three-dimensional structure that is rigid and stable. Controlling its pore diameter and the degree of pore interconnection can allow for rapid incorporation of new bone into it, which leads to a rigid mechanical bond between the implanted material and the host tissue. Although hydroxyapatite itself has some drawbacks, such as slow resorption and brittleness,46 a mixture of hydroxyapatite, β-TCP, and calcium carbonate can provide better osteoconduction for bone production, as well as long-term stability, leading to successful incorporation into a bone fusion mass.47


Thalgott et al. reported a 100% fusion rate using a hydroxyapatite with a pore diameter of 200 μm in combination with rigid plating for ventral cervical decompression and fusion.48









Injectable Ceramics: Calcium Phosphate Cement


Injectable calcium phosphate cement (CaP cement) is a paste of inorganic calcium and phosphate that hardens in situ with a low exothermic temperature, and cures by a crystallization reaction.44 It then slowly transforms into bone over 3 to 4 years. The resulting bone filler has a biologic response and compressive strength similar to that of cancellous bone, and has shown promise for some clinical applications such as use as an adjunct to fixation in both femoral neck and intertrochanteric hip fractures.44,49


The primary drawbacks to injectable calcium phosphate are slow resorption, low porosity, and high commercialization costs. Extravasation into surrounding soft tissues, or intra-articular extrusion also may occur, although these adverse events have been rarely reported.49


Many attempts recently have been made to apply CaP cements instead of polymethylmethacrylate (PMMA) in vertebral augmentation procedures. One clinical study using calcium phosphate cement reported resorption and fragmentation of the cement mantle. The authors noted two problems specific to calcium phosphate: an increased washout tendency and a lower flexural and shear resistance. They concluded that routine use of CaP cement is not currently recommended for vertebral augmentation.50












Collagen


Animal-derived collagen has been used with synthetic calcium phosphate bone fillers to modulate physical properties of bone-filling agents and to deliver factors that stimulate bone formation. The admixture of collagen imparts a putty-like consistency to the bone graft that facilitates handling and placement at the time of surgery. Various configurations are now available for clinical use.51 These products are designed to be hydrated and implanted with autogenous bone marrow or bone graft, and have been used as bone graft extenders to increase the volume of bone graft into a defect when a sufficient volume of autograft is not readily available.44


One formation of a type І collagen/hydroxyapatite matrix, prepared in 50- × 20- × 5-mm sheets, was studied in 50 cases of lumbar posterolateral spine fusion combined with bone marrow aspirate (BMA) as the graft material and achieved a 92% radiographic fusion rate.51 In contrast, an animal study reported that solid spinal fusion was not detected by manual palpation or on radiographs in any of the rabbits treated with the same collagen matrix combined with heparinized bone marrow.52









Nonbiologic Osteoconductive Substrates


The advantages of nonbiologic osteoconductive substrates include absolute control of the final structure, no immunogenicity, and excellent biocompatibility.43 Examples include degradable polymers,53 bioactive glasses, and porous metals such as tantalum.









Qualitative Assessment of Ceramics


A summary of the overall advantages and disadvantages of various bone graft materials is presented in Table 18-4. The table provides an overview of the clinical and economic aspects of the ceramics available today. These ceramics can perhaps be best judged by their resorption and porosity characteristics (see Tables 18-2 and 18-3). Of particular note in this regard is the importance of using a bone substitute that resorbs (and remodels) at a rate similar to that of cancellous bone (intermediate; see Table 18-2) and that is highly porous (see Table 18-3).




TABLE 18-4 Summary of the Defining Advantages and Disadvantages of Bone Graft Materials


[image: image]




A canine study was undertaken to determine the rate of new bone ingrowth into defect sites repaired with either porous β-TCP synthetic cancellous bone void filler or hydroxyapatite-coated calcium carbonate.54 Cylindrical canine metaphyseal defects measured 10 × 25 mm in canine humeri. Bone ingrowth and scaffold resorption were quantified using standard histomorphometric techniques for specimens examined up to 1 year postimplantation.


Approximately 80% of the implanted β-TCP resorbed at 12 weeks, compared with only 34% of hydroxyapatite-coated calcium carbonate (P < .05). By 24 and 52 weeks, the remaining β-TCP implant volume was 3% and 1% of original implant size, respectively.


As early as 3 weeks, β-TCP showed resorption (clearing) from the center outward and some immature bone formation (Fig. 18-1). At 6 weeks, the volume of new bone formed throughout the implants exceeded, by approximately 20%, the volume of original bone in areas adjacent to the defects (Fig. 18-2). Remodeling was essentially complete in 6 to 12 weeks, with bone density in the normal range and the scaffold almost completely resorbed by the end of the period. By 24 weeks, the trabecular orientation of the implant approximated the normal stress patterns of adjacent bone. Serial histologic and radiographic assessments made at 12, 24, and 52 weeks demonstrated comparable architecture and density between new bone within the defect sites and the adjacent original bone. The stress-strain curve of β-TCP was nearly identical to bone at 24 weeks and at 52 weeks (Fig. 18-3). In contrast, the calcium carbonate stress-strain curve differed markedly from bone at 24 weeks. Radiographic diffraction data of the β-TCP implants confirmed a 95% match to normal bone at 1 year.55





[image: image]

FIGURE 18-1 Radiographs of β-tricalcium phosphate (β-TCP) implant from 3 to 24 weeks.
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FIGURE 18-2 Rates of new bone ingrowth and resorption. β-TCP, β-tricalcium phosphate.


(Redrawn and modified from Erbe E, Clineff T, Lavagnino M, et al: Comparison of Vitoss™ and ProOsteone 50OR in a critical-sized defect at 1 year [abstract]. Presented at Annual Meeting of the Orthopaedic Research Society, February 25–28, 2001, San Francisco. Abstract 975.)
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FIGURE 18-3 Results of compression testing of the β-tricalcium phosphate (β-TCP) implant compared with adjacent bone at 52 weeks. MPa, megapascal.




The study suggested that normal bone remodeling occurred with the β-TCP scaffold within 6 to 12 weeks after implantation. In contrast, about one third of the hydroxyapatite-coated calcium carbonate–implanted defect showed new bone formation (mainly at the periphery). No foreign-body response to either ultraporous β-TCP or hydroxyapatite-coated calcium carbonate was observed. The ultraporous β-TCP was manipulated easily at surgery, despite its very high porosity.


These results were superior in several respects to those of earlier, similar studies using other ceramics. Bruder et al.56 had found that a ceramic composed of hydroxyapatite and β-TCP produced no callus around the defect site or the host bone in the first 16 weeks after implantation, indicating inadequate bone healing. Both Bruder et al.56 and Kon et al.57 found that, using traditional synthetics, bone formation was most prevalent at the periphery of the defect. Bruder et al.56 noted that the only new bone that formed as a result of the osteoconductivity of the porous ceramic was an extension of the outgrowth from the cut ends of the host bone. In contrast, one of the striking observations about β-TCP is the initiation of resorption and osteogenesis at the center of the repaired defect site. In summary, Bruder et al.56 found that hydroxyapatite bone substitute was not ideal for the treatment of segmental defects because of its brittle nature, susceptibility to fracture, and lack of completely interconnected pores.









Biologic and Synthetic Composite Grafts


A composite graft can be defined as any combination of materials that includes both an osteoconductive matrix and an osteogenic or osteoinductive material. The carrier matrix could be any of the osteoconductive materials listed in Table 18-1. When the osteoconductive scaffold is mixed with bone marrow aspirate (BMA), the newly formed composite graft may acquire osteogenic and osteoinductive potential, thus providing a competitive alternative to autograft. Other biologic agents that may impart this potential include osteoblastic progenitor stem cells, blood, platelet-rich plasma, and osteoinductive growth factors such as BMP, transforming growth factor, and fibroblast growth factor.58









Osteogenic and Osteoinductive Bone Marrow Aspirate






Background


In theory, osteoblast progenitor cells could be obtained from the periosteum of long bones, the peritrabecular connective tissue, or the bone marrow, and combined with a synthetic scaffold.59 This strategy is designed to minimize the need for chemotaxis and massive proliferation of osteoblast progenitor cells into the defect. Logically, the direct implantation of progenitor cells should lead to more rapid, uniform, and reliable healing of bone defects. A major challenge to this approach is the need to identify more fully the proper type and source of cells for autologous cell therapy.56 However, for now, extensive clinical experience with bone marrow transplantation makes bone marrow a practical choice as a source of progenitor and osteoinductive cells.60


A number of studies have looked at BMA and its positive effects on bone formation both in vitro61 and in vivo.15,61,62 All of the critical cellular components that contribute to bone growth are present in BMA. Identifiable cell types include both fibroblasts and undifferentiated stromal cells. Osteoprogenitor stem cells are estimated to constitute 1 in 50,000 bone marrow cells in young patients and 1 in 2,000,000 cells in elderly patients. They are the most useful of bone tissue cells because they can differentiate into four other cell types (osteoblasts, adipose cells, chondroblasts, and fibroblasts) and modify their morphologic/functional attributes as needed.63 The mesenchymal stem cells have the potential to differentiate into a variety of tissues, including bone, cartilage, tendon, ligament, and adipose aggregations. Consequently, BMA is an abundant source of osteogenic cells for immediate transplantation. Animal research suggests that precursor cells in bone marrow proliferate and differentiate after transplantation. Among the cells derived from such proliferation are active osteoblasts that drive the process of new bone formation.60,64


Many investigators are engaged in characterizing the progenitor populations present in bone marrow, and in vitro studies of bone marrow–derived osteoblastic progenitors have helped define the potential role of the many growth factors involved in regulating osteoblast differentiation.7 Uncontrolled clinical trials suggest that mixtures of aspirated bone marrow and autograft may be effective in treating nonunions,5,65 but prospective trials using bone marrow alone have not been performed.66


Another advantage of BMA is its availability and the relative safety of its harvest. It is the only source that requires neither an open surgical procedure nor the added time and cost of in vitro cell growth.25 Cell progenitors derived from bone marrow can be harvested by aspiration from patients, with limited dilution by peripheral blood, as long as the volume of aspirate from a single site is held to 2 mL or less.60 Furthermore, the number of progenitors available in a graft site can be increased by concentration, if necessary, to further enhance the biologic result of bone grafting.67,68 For subsequent use in transplantation, stem cells also can be cultured and expanded to many times their original number.









Bone Marrow Aspirate and Bone Composites


Bone marrow has been used successfully to stimulate healing in tibial fractures, suggesting a promptly renewable and reliable source of osteogenic cells without the disadvantages of standard open-grafting techniques.17 In a study using human BMA taken from the femoral head and the iliac crest, the recovered cells demonstrated osteogenic potential in vivo in nude mice. The osteogenic potential was maintained as the cells were expanded in culture and enriched for grafting purposes.69 Autologous bone marrow aspirated from the iliac crest had a beneficial effect on osteogenesis in 25 of 28 patients when implanted with xenograft bone graft material (Kiel bone).70 The addition of bone marrow to autograft iliac crest bone graft facilitated greater bone formation and fusion success rates than did autograft alone (P < .05) in a rabbit dorsolateral spine fusion model.62 Furthermore, a study of 23 pediatric patients found that xenograft bone and other bone substitutes could be rendered osteogenic by combining these materials with fresh autologous bone marrow.71









Bone Marrow Aspirate and Synthetic Composites


A number of studies have assessed composites of bone marrow and synthetics for bone grafting.36,57,72 Ceramics of tricalcium phosphate, hydroxyapatite, and collagen hydroxyapatite were evaluated alone and with added BMA to assess their ability to heal defects created surgically in the canine radius. These implants also were compared with a graft of autogenous cancellous bone. The addition of BMA was essential for tricalcium phosphate and hydroxyapatite to achieve results comparable to those obtained with cancellous bone at 24 weeks.72


Studies on healing of canine femoral defects with implanted calcium phosphate cylinders loaded with cultured autologous mesenchymal stem cells showed that the addition of the cells augmented the development of new periosteal bone around the implants.56 Similarly, although porous hydroxyapatite bioceramic (HAC) alone was effective for repair of tibial defects (at 6 months), the introduction of bone marrow stromal cell populations into the composite resulted in far more extensive bone defect repair over a 2-month period.57 However, in both studies, even in the cell-loaded scaffold, a higher concentration of new bone began in the periphery. The authors speculate that this is the result of better survival of loaded cells within the outermost portions of the HAC cylinder, which probably are vascularized faster and more efficiently than more internal regions. They note that this may be related to the design of the implant device. The β-TCP animal study, which showed bone formation initiating within the center of the β-TCP carrier, supports this explanation. As early as 3 weeks after implantation, β-TCP showed resorption beginning from the center of the implant, perhaps because of the concentration of nutrients in the center.


The new generation of β-TCP implants brings unique biomechanical properties that make them particularly well suited for use with BMA in a composite graft. The broad range of interconnected porosity (1 μm to 1 mm) allows nutrient fluids to percolate throughout the structure and to support the migration of parenchyma into the scaffold, enhancing the processes of new bone development and scaffold resorption. The unique structure of ultraporous β-TCP is conducive, therefore, to rapid vascularization that is necessary for nourishing the seeded bone marrow, including bone-forming cells. In this respect, a β-TCP/BMA composite may be superior even to autograft, which suffers from anoxic cell death in the center of the graft because of the absence of vascularization (Fig. 18-4). One of the striking features of grafting with β-TCP compared with other synthetic constructs is the central pattern of bone formation, suggesting penetration of cells and nutrients.73
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FIGURE 18-4 Processes in filling bone voids with either autograft or porous synthetic (e.g., β-TCP) seeded with BMA. Both are expected to support the osteogenesis, osteoconduction, and osteoinduction needed for healing. β-TCP, beta-tricalcium phosphate; BMA, bone marrow aspirate.




Thus, a composite made up of ultraporous β-TCP seeded with aspirated autologous bone marrow could deliver many of the positive qualities of an autograft and avoid most of the negative ones. The β-TCP scaffold supplies an osteoconductive surface for bone and tissue ingrowth. Ultraporosity facilitates infusion of bone matrix proteins and growth factors, making the β-TCP osteoinductive.74 Local and recruited osteogenic cells penetrate the composite and interact with the seeded bone-forming cells to impart osteogenic properties to β-TCP (Fig. 18-5). β-TCP seeded with BMA therefore can provide all three properties necessary for a successful bone graft that was previously satisfied by autografts, namely, osteogenesis, osteoinduction, and osteoconduction.
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FIGURE 18-5 Scanning electron microscopy image at magnification × 2000, showing a large number of canine erythrocytes (~4–5 μm diameter) in the center of the β-TCP scaffold. Cells can be transported via β-TCP; this includes mesenchymal stem cells, which are approximately 15 μm in diameter. β-TCP, beta-tricalcium phosphate.














Bone Morphogenetic Protein and Synthetic Composites


Human recombinant bone morphogenetic proteins, including recombinant human BMP-2 (rhBMP-2) and recombinant human osteogenic protein 1 (rhOP-1 or rhBMP-7), are being investigated in human clinical trials and show promise as autologous bone graft substitutes.47,75-77 A carrier that can maintain optimal regional concentrations of BMP over a prolonged period is essential for the efficient utilization of BMPs. To date, several biomaterials have been used as carriers for BMP.46 Of these, hydroxyapatite (HAp) is considered particularly useful, because of its high affinity with BMP. To further enhance their osteogenic potential, HAp and other ceramics are now routinely combined with various active biologic substances.47


In Boden’s clinical trial, 25 patients underwent posterolateral lumbar spine fusion using 20 mg of rhBMP-2 with a carrier consisting of 60% hydroxyapatite and 40% tricalcium phosphate granules, resulting in a 100% fusion rate, although some patients did smoke during the postoperative period.66 Dawson performed a clinical study to investigate the use of rhBMP-2 on an absorbable collagen sponge combined with a ceramic-granule bulking agent as a bone graft substitute in single-level posterolateral lumbar spinal fusion, and achieved an 88% fusion rate.78 Human clinical trials also have shown the efficacy of OP-1 as both an alternative and an enhancer to autologous bone graft or spinal fusion. OP-1 putty (3.5 mg rhOP-1 to 1 g bovine bone collagen to 230 mg carboxy methyl cellulose) is now approved for use as a carrier.79


The delivery systems currently available for recombinant BMPs include DBM, synthetic polymers, type 1 collagen hyaluronic acid gels, and a variety of bone graft substitutes. However, Crawford et al. reported the higher incidence of dorsal cervical wound complications with rhBMP-2 on an absorbable collagen sponge, and emphasized the importance of determining optimal dosing and carrier to achieve the desired results of fusion.80 An alternate approach that may allow BMPs to produce even greater therapeutic effects may be attained in the future with gene therapy, which provides for the transfer of genetic information to a host cell that would express and produce endogenous BMP protein.75












Summary


After blood, bone is the most commonly transplanted tissue. Autogenous bone grafting is one of the most common orthopaedic procedures, performed in about 200,000 cases annually in the United States.81 Although materials of biologic origin are now generally used, their preference may diminish as well-characterized inorganic materials with off-the-shelf availability offer potential to eliminate procurement morbidity associated with autograft and to eliminate risk of disease transmission associated with allograft.


However, the development of a usable osteoconductive carrier has lagged behind the isolation and synthesis of osteoinductive growth factors. Preclinical data indicate that the enhanced capillarity of ceramics such as β-TCP may bring these bone-healing elements together in better balance. Advances in tissue engineering of synthetic composite grafts should demonstrate a synergy between components with results superior even to autogenous bone grafts.82 The improved understanding of osteoprogenitor cell function, and advances in procurement and cell separation, will provide for increased osteogenic capabilities with negligible harvest morbidity. Finally, BMPs and synthetic composites show significant promise in the arenas of bone healing and bone fusion. Further clinical information verifying the utility of BMA/bone composites, BMPs, and synthetic composites will be available in the near future.
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Chapter 19 Osteointegration (Osseointegration)




Daisuke Togawa, Thomas W. Bauer, Edward C. Benzel, 




Recent advances in spine surgery have led to expanded use of synthetic biomaterials. The interface between host bone and a synthetic device has an important influence on the clinical efficacy of that device. These interfaces have been described as abutting (e.g., interbody bone graft, interbody cement), penetrating (e.g., nail, staple, screw), gripping (e.g., hook, wire), conforming (e.g., polymethylmethacrylate), and osteointegrating (e.g., some types of metal and ceramics).1 The word osteointegration is derived from the Latin word integratus and the Greek osteon, meaning renewing or making new bone. However, because the prefix osseo- is also derived from the Latin for bone,2 the term osseointegration is often (or preferably) used instead of osteointegration.


Since Brånemark, a Swedish dentist, introduced the term osseointegration to describe the process by which some oral implants interface with bone,3 this term has been widely used in the dental and orthopaedic arenas. Brånemark originally defined osseointegration as “direct structural and functional connection between ordered, living bone and the surface of a load carrying implant.”3 During the past 30 years, however, the term osseointegration has been used in a number of scientific publications regarding both structural (morphologic) and functional (physiologic) senses. Various factors influence this process at the implant-bone interface, including preparation of the surrounding bone, the surface preparation and sterilization procedures to remove organic residues from the implant, surface topography, overall implant design and composition, and load transmission.


Direct bone apposition to an implant suggests attachment of the implant to the bone over the entire contact surface, allowing load transfer from the implant to bone over a large surface area. Most surgeons expect direct bone apposition for interbody fusion devices, artificial discs, pedicle screws, and various spacers. However, it remains unclear how often, and to what extent, this is achieved.






Osteoconductivity


An osteoconductive material promotes bone apposition along its surface. The term osteoconduction is not absolute and is best understood in the context of a comparison in which variables of the substrate material, porosity, surface geometry, and surface chemistry are highly controlled and defined.4 For example, when matched by size, shape, and surface texture, hydroxyapatite is more osteoconductive than titanium, but titanium is more osteoconductive than a similar segment of cobalt-chromium alloy, or stainless steel; and rough stainless steel is more osteoconductive than polished stainless steel. Thus, several different factors influence the extent to which osteoblasts bind to a surface and produce bone matrix.









Biomaterials






Metals


Metals have been used in various forms as implants, including stainless steels, cobalt-based alloys, pure titanium, and titanium-based alloys. Each metal has different characteristics and behaves differently in vivo. For example, titanium alloys differ from stainless steel by having less resistance to abrasive wear, but provide better corrosion resistance, biocompatibility, less MRI distortion, and increased modulus of elasticity. Because of these advantages, titanium alloy is often used for orthopaedic and spine implants. As described by Wolff’s law, bone grows in response to applied stress and often is resorbed if a mechanical stimulus is lacking.5 Note, however, that the stiffness of many metals may shield the underlying bone from stress. Alloys with elastic moduli less than that of stainless steel, such as Ti6Al4V, have been successfully used in fracture fixation, but stress shielding is still observed.6,7 At the implant-bone interface, most of these metals demonstrate variable osteoconductivity. Titanium implants generally have a better biocompatibility and osteoconductivity than many other metals, and their surface chemistry and texture are more influential during bone ingrowth.









Surface Texture


Early investigations were undertaken by Smith in the 1960s, using a porous surface ceramic.8 Currently, a wide variety of surface textures have been utilized to help achieve bone ingrowth into prosthetic devices in both dental and orthopaedic implant applications. Three dimensionally porous surfaces of sintered beads or wire, roughened surfaces created by etching the implant surface, and rough surfaces created by the application of metal by plasma spray or other methods have been tested in a number of animal and clinical studies9-12 (Figs. 19-1 and 19-2). For example, Friedman et al. tested various biomaterials with different surfaces in the rabbit femur and showed that the shear strength and bone apposition of implants with arc-deposited titanium coating and with one and three layers of cobalt-chromium beads were significantly greater than those of implants with plasma-sprayed cobalt-chromium texture and grid-blasted titanium alloy.13 Moreover, previous studies have suggested that the metal surface texture of a biomaterial can influence cell attachment and bone apposition. Martin et al. showed that surface texture affects cell attachment as well as cell morphology, proliferation, and differentiation.14 Thomas and Cook showed that roughened implants yielded more direct bone apposition in vivo than smooth implants of the same materials.15 Similarly, Turner et al. demonstrated greater bone apposition to titanium canine hip implants with an average texture of 45 μm than implants with texture of 8, 4, and 1 μm.16





[image: image]

FIGURE 19-1 A, Gross view. B, Direct bone apposition to metal hip implant. Direct bone apposition (BA) and healthy bone marrow (BM) are observed without an intervening layer of fibrous tissue on this experimental canine femoral titanium implant (Ti; surface: arc apatitic titanium).


(From Togawa D, Bauer TW, Mochida Y, et al: Bone apposition to three femoral stem surfaces in canine total hip arthroplasty. Transactions of the 27th Annual Meeting of the Society for Biomaterials, 251, 2001.)
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FIGURE 19-2 A, Gross view. B, Direct bone apposition to hydroxyapatite (HA)-coated titanium implant. HA-coated titanium femoral stems (Ti) show extensive bone apposition (BA) compared with non–HA-coated stems (canine total hip arthroplasty model).


(From Togawa D, Bauer TW, Mochida Y, et al: Bone apposition to three femoral stem surfaces in canine total hip arthroplasty. Transactions of the 27th Annual Meeting of the Society for Biomaterials, 251, 2001.)





Excellent clinical results for joint arthroplasty have been reported with several surface treatments.10,11 However, the optimal surface texture for each implant remains controversial. A number of manufacturers continue to investigate new surfaces in an attempt to improve fixation and lower cost. Thus, a surface topography that incorporates such surface modifications can alter the tissue and/or cell interactions with bone and appears to affect biomechanical interactions as well.17









Other Materials


Various other biomaterials have been used at the bone-implant interface for spine surgery, including polymethylmethacrylate (PMMA), calcium phosphate cement, ceramics (hydroxyapatite, bioactive glasses), and polymers (polylactic acid [PLA], polyglycolic acid [PGA], hydrogels, carbon fiber-reinforced polymer, and polyetheretherketone [PEEK]). All foreign materials induce some response when implanted in a host; so strictly speaking, all materials are bioactive. This response is often inflammatory, but some materials induce relatively little inflammation and instead promote bone formation by osteogenic, osteoconductive, or osteoinductive processes. Although PMMA and carbon have excellent biocompatibility, both are less osteoconductive than calcium phosphates or some metals. PMMA has been used for years to help stabilize pathologic fractures, but its exothermic curing and poor osteoconductivity are disadvantages for some clinical applications. Carbon fiber-reinforced polymer and PEEK can yield wear debris,18-21 but in the spine, carbon fiber-reinforced polymer has been used as an interbody stabilization device and has been associated with clinically successful outcomes without significant particle-induced osteolysis.22,23 Nevertheless, there is no evidence that these cages have direct bone apposition around them.


Hydroxyapatite (HA) is an osteoconductive calcium phosphate that can be prepared as granules, blocks, or a coating on implants.24 When placed in a suitable host site, HA is osteoconductive and has some compressive strength, but in general blocks of sintered HA are difficult to machine. In addition, they are brittle and very slow to resorb. Injectable cements are composed of either calcium phosphates or bioglass derivatives. The calcium phosphate cements are highly osteoconductive, develop about 55 MPa compressive strength, cure isothermically, are very slow to resorb, and very weak in tension and shear. The bioglass cements are not as osteoconductive, but offer greater shear strength.25 Bioabsorbable materials like PLA and PGA, are less osteoconductive in general, but since Kulkarni et al. introduced resorbable polymers for use in surgical implants, these materials have been used successfully in selected applications.26-30 The use of resorbable polymers in spine surgery has only been advocated recently. The main theoretical advantage of a resorbable material is that it confers initial and intermediate stability without having any of such long-term complications as stress shielding or migration of the implant, but this requires degradation of the implant at a rate that coincides with new bone formation. The gradual degradation of bioabsorbable spinal implants can theoretically allow axial loads that were initially borne by the implant to be progressively transferred to the bone.31 Another advantage of such materials is that they do not interfere with radiographic studies. Resorbable polymers have been used as plates and interbody fusion devices,32-34 but again there is little histologic evidence of direct bone apposition to the implant, and the rate of degradation has not always been coupled with new bone formation.












Surgical Applications


Osseointegration of spinal implants is desirable for many clinical applications, and a variety of biomaterials have been used in spine surgery to achieve that result.






Interbody Fusion


Interbody fusion devices are widely used for spinal arthrodesis and have demonstrated their clinical effectiveness for various degenerative disorders of the spine. Numerous types of spinal fusion cages have been developed from titanium and carbon fiber-reinforced or bioabsorbable polymer composites.35-39 They also have been created in many shapes: horizontal cylinders; vertical rings; or mesh, rectangular, and open boxes. All can be packed with bone graft or graft materials to promote interbody fusion. Variations in cage design in the extent of the end plate, material stiffness, and other characteristics may be factors affecting success. Successful spinal fusion with interbody cage devices has been radiographically confirmed in a number of clinical studies.22,38,40,41 The results of some animal studies have shown histologic evidence of bone graft incorporation and good connectivity between the bone inside the cages and adjacent vertebral bodies.36,42-44 The extent of direct bone apposition to clinically satisfactory cages is unknown, but clinically failed cages show no direct bone apposition, even when viable bone is present in the center of the cages21,45 (Figs. 19-3 and 19-4).





[image: image]

FIGURE 19-3 No direct bone apposition to metal cage. This clinically failed metal cage (A) contained viable bone (VB) extending through the openings along one side (B). The bone must have connected to bone outside the cage, but there is no direct bone apposition to the metal of the cage. Instead, fibrous tissue (FT) and fibrocartilage (FC) surround each strut of metal.


(From Togawa D, Bauer TW, Lieberman IH, et al: Lumbar intervertebral body fusion cages—histological evaluation of clinically failed cages retrieved from humans. J Bone Joint Surg [Am] 86:70–79, 2004.)
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FIGURE 19-4 No direct bone apposition to carbon fiber-reinforced polymer. This clinically failed carbon fiber-reinforced polymer cage (A) retrieved from the cervical spine showed no direct bone apposition to the carbon fiber polymer (C) (B), even if most of the bone inside the cage was viable bone (VB). The viable bone extends through the lateral hole, but fibrous tissue (FT) separates bone from the cage.


(From Togawa D, Bauer TW: The histology of human retrieved body fusion cages: good bone graft incorporation and few particles. Transactions of the 47th Annual Meeting of the Orthopaedic Research Society, San Francisco, 950, 2001.)












Pedicle Screws


Pedicle screw, rod, or plate systems utilized in conjunction with a dorsal intertransverse bone graft maintain spinal alignment and provide immediate structural stability, thereby allowing early mobilization of the patient while promoting arthrodesis. However, pedicle integrity can be poor in osteoporotic vertebrae, in part due to low screw-bone interface strength. Different methods of improving the purchase of these screws have been investigated, including modifications of the design of the thread, its shape, and surface properties.46-51 Sandén et al. investigated the effects on purchase of both partial and total HA coating of pedicle screws in a series of the patients with lumbar and lumbosacral degenerative disorders.52 Approximately 1 year after the surgery, the instruments were removed in some patients, and the authors measured both insertion and extraction torques. The results demonstrated that both insertion and extraction torques for fully coated screws were significantly higher than for uncoated or partly coated screws. Of particular note, the extraction torques exceeded the upper limit of the torque wrench (600 Ncm) for many HA-coated screws, suggesting that HA-coated pedicle screws improved fixation with reduced risk of loosening of the screw.


Augmenting cancellous bone with cement to increase its stiffness and strength represents another modification to improve the chances of successful fixation with pedicle screws.1,53,54 For example, Turner et al. tested an HA composite resin cement (Kuraray Co., Krashiki, Japan) to determine whether it could stiffen the screw-bone interface in a human cadaveric study.53 Cement augmentation significantly improved the initial load-carrying capacity (116%), the load-carrying capacity after mechanical testing (165%), and the initial rate of decrease of the implant-bone interface (159%). These results suggested that cement augmentation of pedicle screws increased the stiffness and stability of the screw-bone interface. Furthermore, the pressurized injection of cement into the screw hole causes the cement to penetrate into the trabecular bone, effectively increasing the diameter of the screw.1









Spacers, Scaffold, Carrier


Sintered blocks and granules of HA have been occasionally used as a spacer, especially for ventral cervical spine fusions and laminoplasty procedures.55-61 Radiographic evaluation in these studies have suggested excellent osteoconductivity of these HA spacers. Reported clinical results appear to be good, and there seem to be few complications. Histologic evaluation of three spinous processes of the cervical spine removed from a patient with a recurrent intramedullary tumor 1 year after laminoplasty confirmed direct bone apposition of bone to an HA spacer at three of the six bone-hydroxyapatite interfaces.61


Clinically, HA and tricalcium phosphate (TCP) have been shown to be effective as bone graft expanders in dorsal spinal fusion surgery,62,63 but it may be difficult to distinguish bone from residual synthetic calcium phosphates when radiographs are used as outcome measures in fusion studies. Human biopsies obtained from fusion mass 1 year after dorsolateral fusion using HA/TCP granules show extensive bone apposition64 (Fig. 19-5).
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FIGURE 19-5 Direct bone apposition to hydroxyapatite/tricalcium phosphate (HA/TCP) granules. A, Gross view. B, Biopsy specimens obtained from human posterolateral fusion with HA/TCP mixed with autograft showed partial direct bone apposition (BA) to the residual HA/TCP granules approximately 1 year after the surgery.


(From Togawa D, Bauer TW, Kanayama M, et al: Histological evaluation of human posterolateral lumbar fusion mass induced by osteogenic protein-1. Transactions of the 71st Annual Meeting of the American Academy of Orthopaedic Surgeons, San Francisco, Poster, P396, 2004.)





HA, TCP, and collagen can also be used as carriers of bone morphogenetic proteins (BMPs).65-68 The combination matrices mixed with HA could have some compression resistance and act as a carrier for BMPs.69 Akamaru et al. used granules (15% HA, 85% TCP) combined with human recombinant BMP-2 in an adult monkey dorsolateral spine fusion model.69 Histologic results showed that most of the ceramic had resorbed by 24 weeks after surgery, but some was still present and encased in normal bone, suggesting that the ceramic served as a scaffold and became incorporated with new bone before it could be resorbed.









Artificial Discs


A functional disc interspace prosthesis has been sought at least since the 1950s, and several devices are currently available in Europe and in the United States.70,71 The Charité artificial disc prosthesis (DePuy Spine, Inc., Raynham, MA) was developed in Germany in the early 1980s,72 and the third generation of the Charité lumbar total disc replacement prosthesis has been used in more than 5000 patients worldwide since 1987. Originally available as just a grit-blasted titanium ongrowth surface, recent models include calcium phosphate coating. Theoretically, if adequate initial stability is achieved, then the unconstrained design of the prosthesis should reduce the stress at the bone-metal interface and lead to more favorable porous ingrowth characteristics than a constrained prosthesis. In their baboon study, McAfee et al. reported that 14 of 14 hydroxyapatite-coated SB Charité prosthetic vertebral end plates were well-fixed with no evidence of loosening.73 And a coronal histologic section illustrated in that study shows excellent bone apposition to the HA-coated end plates without evidence of fibrous tissue or synovium 6 months after surgery. Early clinical results, however, have demonstrated migration of some SB Charité implants, suggesting that achieving consistent fixation in humans may still be a problem in some cases.


The few published studies with long duration of follow-up have provided conflicting information, with some reporting success74 and others describing multiple complications and unfavorable outcome.75,76 For example, Devin et al. reported a patient who developed osteolysis and failure of a lumbar total disc replacement (AcroFlex, DePuy Spine, Inc.) after 19-year follow-up.77 Long-term implant fixation depends on bone ingrowth (osseointegration) into the surface of the prosthesis. This case report suggested that although the short-term results were rated as good due to good osteointegration, in long-term follow-up the clinical course can be poor due to associated osteolysis (wear and particles).









Vertebral Augmentation


Vertebral augmentation has been extensively used to treat vertebral bodies involved with osteolytic metastases, myeloma, and osteoporotic compression fractures. PMMA is the most commonly used material for such procedures. Since PMMA is not as osteoconductive as HA, it cannot be expected to promote bone apposition. Technically, under fluoroscopic guidance, PMMA is injected into the weakened vertebrae until the cement is interdigitated into trabecular bone within the vertebrae. A recent report describing the histology of excised human specimens shows absent or only very limited direct bone apposition to the cement. Instead, a thin membrane of fibrous tissue separated bone from the PMMA78 (Fig. 19-6). To bypass perceived limitations of PMMA, alternative cements that have variable osteoconductive properties have been tested. For example, several animal studies with injectable calcium phosphate cements confirm their feasibility, mechanical effectiveness, biocompatibility, and osteoconductivity79,80 (Fig. 19-7). Grafe et al. reported a prospective trial comparing 3-year clinical and morphologic outcomes after kyphoplasty to treat painful osteoporotic vertebral fractures with a calcium phosphate cement (CaP, Calcibon, Biomet Merck, Darmstadt, Germany) or with PMMA cement.81 Their results showed no significant differences between the CaP and the PMMA cement regarding visual analogue scale scores, mobility scores, or height restoration at any time point. Furthermore, there was no significant difference in the occurrence of subsequent compression fractures during the 3-year follow-up period. On the other hand, Blattert et al. reported unfavorable results in kyphoplasty using CaP cement (Norian SRS, Norian Corp., Cupertino, CA) in a prospective randomized controlled clinical study.82 They reported subtotal cement washout and radiographic loss of correction due to cement failure in the CaP cement group, while there was no case of cement failure in PMMA group.
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FIGURE 19-6 Interface between polymethylmethacrylate (PMMA) and bone. A, Gross view. B, Although PMMA interdigitated into trabecular bone of this vertebral body obtained after kyphoplasty, there is no direct bone apposition to the PMMA. Instead, a thin fibrous tissue (FT) separates bone from the PMMA.


(From Togawa D, Bauer TW, Lieberman IH, et al: Histologic evaluation of human vertebral bodies after vertebral augmentation with polymethyl methacrylate. Spine [Phila Pa 1976] 28:1521–1527, 2003.)
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FIGURE 19-7 Interface between calcium phosphate cement and bone. A, Gross view. B, Calcium phosphate cement (CPC; BoneSource, Stryker Orthopaedics, Mahwah, NJ) injected into a defect in a vertebral body showed extensive bone apposition (BA) 24 months after the surgery.


(From Takikawa S, Bauer TW, Turner AS, et al: Comparison of injectable calcium phosphate cement and polymethylmethacrylate for use in vertebroplasty: in-vivo evaluation using an osteopenic sheep model. Transactions of the Society for Biomaterials 231, 2002.)





Composite cements (acrylic cements in conjunction with ceramics) are bioactive, highly radiopaque, and feature excellent mechanical properties. One such cement, Cortoss (Orthovita, Malvern, PA), could be a potentially valuable alternative to PMMA. Palussiere et al. reported that vertebral augmentation with Cortoss rapidly reduced pain, decreased disability, and improved physical functioning in patients with painful vertebral compression fractures.83 The degree, timing, and maintenance of pain relief seen following Cortoss augmentation in this investigation is similar to that previously reported with PMMA treatment of vertebral fractures.












Summary


In this chapter, the terminology of osseointegration and osteoconductive materials and their clinical applications were discussed. The term osteointegration (osseointegration) has been used in both structural and functional applications. In order to satisfy both conditions, the material must achieve direct bone apposition and be clinically effective. Many types of spine implants have achieved osseointegration in the broadest functional sense, but it is often unknown whether direct bone apposition to the implant has been achieved; or for that matter, if it is even necessary. Thus, osseointegration is desirable, but it may not always be necessary. It is necessary for surgeons to understand the importance of material properties, implant characteristics, implant design, and the properties of the local environment (blood flow, load transmission) to achieve clinically successful osseointegration in spine surgery.
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Chapter 20 Materials and Material Properties
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The goals of most spine surgeries are to decompress the neural elements and restore spinal alignment and stability. Previously, spinal reconstructive or stabilizing materials consisted only of autograft, allograft, or, in limited circumstances, polymethylmethacrylate (PMMA). Through a better understanding of spinal alignment, bone healing, and fusion principles, and an improvement in implant technology, there has been significant advancement in the field of biomaterials for bone fusion. Traditionally, stabilizing implants have been made of surgical grade stainless steel. The favorable properties of stainless steel include strength, corrosion resistance, and toughness, but, regrettably, its use impairs imaging quality, because stainless steel causes extensive artifacts on MRI.


The next generation of spinal implants consisted of titanium alloys. These implants provided better corrosion resistance, less distortion on MRI, and a decrease in ductility and scratch sensitivity, but with less strength.


Spine surgeons must be aware of these general differences in implants in order to maximize outcomes. A decreased risk of implant failure can be achieved by making an educated decision as to what material would best suit an individual patient. A practical knowledge of the principles of materials also is helpful to evaluate the design of new implants, to anticipate design limitations, and to further lessen the risk of implant failure. For example, allograft bone is a composite material with widely varying properties, depending on its composition and configuration. In the future, ceramic and composite materials may be increasingly available for use as bone substitutes. Another modality that has come into favor is the use of bone morphogenetic protein (BMP) products. The properties of these materials are very different from metals and require different considerations in design as well as surgical application.


The first recorded use of a metallic implant device was in 1804, when a steel implant was used in a fracture repair.1,2 Later, in 1924, stainless steel, which contains 18% chromium and 8% nickel, was first applied for medical purposes. The next major advance in metallurgy was the aircraft industry’s development of light-weight but resilient metals known as titanium alloys.1,2 In the 1950s, the biomedical field began to make use of titanium. Currently, titanium is one of the most advantageous metals for implant use because of its high strength, low modulus, and high corrosion resistance.1


Most of the spinal implants used today include either a stainless steel (iron-based) or titanium-based alloy. This chapter reviews the forces and physical properties of implants, the terminology for material properties, the nature of atomic bonds and various strengthening mechanisms of alloys, the nature of biologic materials, and biocompatibility. In addition, properties of specific spinal implant alloys are explored.






Forces


The International System (SI units), which is based on the metric system, is the nomenclature used by the biomedical engineering profession. The newton (N) is a direct measure of force and is recorded as intrinsic units: kg(m)/sec2. As defined by Newton’s second law, force is equivalent to the product of mass and acceleration. Forces, when applied to the spine, not only consist of a magnitude but also have a directional component. The combination of a force with direction is a vector. Vectors can be displayed graphically or by trigonometric relationships. Vectors can be used to analyze biomechanical forces acting simultaneously on a biologic structure or implant material by making a free body diagram that assumes a state of equilibrium, thereby defining the forces inside the structure or implant material as dependent and proportional to those outside the structure (Fig. 20-1).





[image: image]

FIGURE 20-1 Free body diagram of a lumbar vertebra with an externally applied load of 100 N at an incident angle of 60 degrees. The vertebra will have to resist the shear component as well (horizontal component—not shown in the figure—of the incident force). The resultant downward force on the vertebral body is sin (60) × 100 N = 86.7 N. The vertebra is in equilibrium with its surroundings and not moving. Therefore, a force of the same magnitude is acting on the caudal end plate.




A very important principle for the spine surgeon to understand is the force-deformation relationship (Fig. 20-2). When force and deformation are graphically displayed, the result is a characteristic curve. The force-deformation curve has a straight or elastic region in which materials can deform and recover to their original shape (see Fig. 20-2, first portion of curve). As the load increases beyond the elastic region, the deformation increases into the curved or plastic region (see Fig. 20-2, second portion of curve); when the specimen is unloaded, it will be permanently deformed. If deformation is continued, the specimen will eventually fail (e.g., fracture; see Fig. 20-2, third portion of curve).
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FIGURE 20-2 Force versus deformation curve. The force has a straight or elastic region in which materials can deform and recover to their original shape. As load increases beyond the elastic region, the deformation increases into the plastic region; when the specimen is unloaded, it will be permanently deformed. If the deformation is limited, the specimen eventually will fail (i.e., fracture).




The integrity of the spine is multifactorial. The vertebral body ossifies from three primary centers, one for the centrum, which will form the major portion of the body, and the other two for neural arches. The cartilaginous growth plate is mainly responsible for longitudinal vertebral growth. The vertebral body design, therefore, provides the requirement for optimal load transfer by maximal strength with minimal weight. Bone mineral density (BMD), bone quality, microarchitecture, and material properties are the important factors that contribute to bone strength.3 In addition, force and displacement have been demonstrated in animal spine models. It has been demonstrated in a biomechanical cadaver study that after dorsal laminectomy and partial discectomy, the neutral zone and range of motion were not different from those in the native spine specimen. However, after pedicle screw-rod fixation, the neutral zone and range of motion of the instrumented specimen decreased significantly compared with the native specimen and the specimen after dorsal laminectomy.4









Atomic Bonds, Structures, and Property Relationships


All materials are composed of molecules that interact via intermolecular forces. These bonds determine the properties of the material as a whole. If materials were composed of only one type of molecule and these molecules were perfectly consistent in their orientation, then chemistry alone would be sufficient for deriving all of the elements’ properties. However, materials typically are composed of numerous molecules of considerable diversity. Nevertheless, despite the variety of molecules in metals, certain observations can be made from their chemical composition.


Metals are created through the interaction of crystals. These crystals are formed when the electrons that surround the atoms in clouds are given up and conducted as electricity. Metal structures are polycrystalline (i.e., they are formed by a multitude of crystals). Atoms within a crystal can form one of several relationships, which define the crystal structure. They include body-centered cubic, face-centered cubic, and hexagonal close-packed arrangements (Figs. 20-3 to 20-5).
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FIGURE 20-3 The unit cell is the smallest group of atoms showing a characteristic structure. The body-centered cube is the most ductile.
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FIGURE 20-4 The face-centered cube is moderately ductile.
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FIGURE 20-5 The hexagonal close-packed cube is the least ductile.




In addition to variations in the unit cell of the crystal, metals have many imperfections in the crystals, consisting of line defects, point defects, missing atoms, additional atoms, and impurities with foreign atoms. Metals can be further contaminated with larger impurities from nonmetallic elements such as oxides and sulfides.


Point defects occur when a lattice site within a crystal is empty and not occupied by an atom.1,5 Point defects are present in all metals and provide a mechanism for diffusion, which is the movement of solute through a solvent.


Line defects are microscopic dislocations and are the major defect affecting a given metals mechanical properties. Line defects occur when there is an incomplete chain of atoms inside a crystal. This results in a local distortion of the structure of the crystal because of the resultant dislocation. There is considerable internal strain in the immediate vicinity of the dislocation. When a force is applied, the line defect can propagate through the crystal structure, resulting in a permanent structural change (Figs. 20-6 and 20-7). This is termed plastic deformation. When a metal is plastically deformed, a permanent structural change persists after the force is removed from the metal.1
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FIGURE 20-6 During stress, individual atomic bonds are disrupted and the atoms slip along a plane.
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FIGURE 20-7 Deformation occurs when parallel and opposite forces are applied to a structure with one side immobilized.




An example of an area defect is a grain boundary.1 When metal begins the solidification process, crystals form independently of one another. Each crystal grows into a crystalline structure, or grain. The size and number of grains developed by a certain amount of metal depend on the rate of nucleation, which is the initial stage of formation of a crystal. Rapid cooling usually produces smaller grains, whereas slower cooling produces larger grains. The orientation of crystal boundaries (grain boundaries) is very influential in the spread of dislocations that become cracks.


A high nucleation rate yields a high number of grains for a given amount of metal. Therefore, the grain size will be small. If the rate of growth of the crystals is high relative to their nucleation rate, however, fewer grains will develop, and they will be of larger size.


As a grain grows, it eventually comes in contact with another grain. The surfaces that separate grains are termed grain boundaries. Grain boundaries are the junction areas of the many metal crystals that compose an implant. The grain size has a significant effect on the mechanical properties of a metal. A higher number of grain boundaries increases strength. Grain boundaries prevent line defects from propagating from one grain to another. A higher number of grain boundaries necessitates a higher force required to induce a plastic deformation. Since a higher number of grain boundaries occurs in alloys with smaller grains, smaller grains yield an increase in strength, whereas larger grains are generally associated with low strength and ductility.


The many ways in which a metal can acquire defects affecting its strength has led to the development of various strengthening mechanisms to improve the performance of a metal or alloy. All strengthening mechanisms act on the theory that impeding line defects results in increased strength.


Solid solution strengthening occurs when one or more elements are added to a metal. Atoms of the solute will take places within the crystalline lattice by substituting for a solvent (metal) atom. Alternatively, the solute atom may occupy a site not previously occupied by a solvent atom by lying in an interstitial site. Interstitial atoms usually are much smaller than the solvent, whereas substituting elements often are similar in size to the solvent. Interstitial solid solution strengthening often is more effective. The effect of solid solution strengthening is to stop line defects from spreading a dislocation by developing solute-rich regions in the area surrounding the line defect. As a result, increased force is needed to induce a plastic deformation.


Cold working deforms the metal and results in an increase in strength. Deformation of a metal increases the amount of line defects within the metal. These dislocations then entangle with one another. The result is an increasing amount of energy that continues to move these line defects within the grain. The increase in strength from cold working comes at the expense of a decrease in ductility.


Hot working involves the use of high temperature to deform the metal. This often is used to allow a metal to form a shape while altering the microstructure of the alloy. It is possible to obtain a reduction in grain size by hot working. By increasing the temperature to a level that causes a deformation, the dislocations become disentangled. The metal then undergoes recrystallization, and new dislocation-free grains are formed.









Mechanical Properties


Knowing the dimensions of a material, when a force is applied, permits the stress or load per unit area to be determined. Stress is recorded as N/m2 (Pascal) and is a small quantity. Therefore, most materials are tested with thousands of N/m2, or megapascals. Strain is a dimensionless unit that is the percentage of elongation (or shortening) during application of force. When both the load and the deformation are divided by the original area or length of the specimen, respectively, the result is stress and strain, which can be displayed graphically (see Fig. 20-7).


Spine surgeons should have a basic understanding of the typical stress-strain curve (see Fig. 20-2). The stress-strain curve defines the mechanical behavior of a metal under various degrees of stress and strain. The ratio of stress to strain is the modulus, or elastic modulus. The relationship is as follows:
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The modulus (E) reflects the stiffness of the material. Stiffness, in turn, depends on the relative difficulty of stretching atoms from their resting position in a crystal lattice. It is important to note that the modulus is not affected to a significant degree by line defects.


At a certain amount of stress, plastic deformation occurs. At this point, line deformations begin to cause structurally relevant deformations, which propagate through the grain. The linear relationship between stress and strain breaks down, and the slope of the modulus decreases. The point at which this occurs is the proportional limit. Yield stress is arbitrarily defined as the point at which permanent deformation reaches 0.2% of the metal. Ultimate stress is defined as the highest stress reached during testing of the metal. Percent elongation, a measure of ductility, is the degree of plastic deformation acquired prior to failure.


Fatigue strength is another property of metal that is important when considering bioimplantation. Fatigue is a process whereby repetitive stress or strain is applied to a metal, eventually leading to breakdown, crack formation, and eventual failure of the metal. By definition, the fatigue strength is the cyclic stress required to cause failure of the metal at a given number of cycles. When a metal fails from fatigue, it usually takes much longer and a greater number of cycles to form the initial crack than to achieve complete failure. Consequently, any material that acts to prevent crack formation will improve the metal’s resistance to fatigue.


Fatigue failures have become less common in implants because of improved materials and strengthening processes. When they do occur, crack formation usually is the inciting factor. Most of these cracks form at the alloy surface. Therefore, surface conditions become very important in preventing fatigue failure.









Spinal Implants: Rigid versus Dynamic


Spinal implants can be described as rigid, dynamic, or hybrid. Dynamic implants allow some subsidence between segments. The advantage of a dynamic implant is that it is capable of offsetting stress at the implant-bone interface and therefore does not provide stress shielding of the bone graft.


The purpose of a rigid construct is to completely immobilize the spine. Because of the properties of bone, this is rarely achieved. Movement in a rigid system often increases with the passage of time, through weakening of the implant-bone interface. Repetitive movement under sufficient stress eventually will lead to failure at the interface, unless bony fusion occurs first.


Rigid fixation does not completely optimize bony fusion acquisition because of stress shielding. The goal of rigid fixation is only to hold long enough for bony fusion to take place.


The widespread use of instrumentation in the lumbar spine has led to high rates of fusion. This has been accompanied by a marked rise in adjacent-segment disease, which is considered to be an increasingly common and significant consequence of lumbar or lumbosacral fusion. Numerous biomechanical studies have demonstrated that segments fused with rigid metallic fixation lead to significant amounts of supraphysiologic stress on adjacent discs and facets. Although this form of arthrodesis does not completely prevent adjacent-segment disease, the dynamic component of this stabilization technique may minimize its occurrence.6 Posterior dynamic stabilization (PDS) devices have shown a substantial reduction in stress-shielding characteristics. Higher axial load was noted with the PDS devices, which could slow the degeneration process of bony structures and lower the possibility of implant failure.7


The purpose of a dynamic construct is to provide for intersegmental subsidence. Although excessive movement can inhibit fusion, the minimal intersegmental movement (which facilitates compression) increases the rate of bone fusion. Also, the minimal intersegmental movement absorbs some of the strain that is encountered at the implant-bone interface.









Biologic Materials


Bone is the “gold standard” of implant materials as a biologic material. It consists of a framework of type I collagen fibers, a matrix of calcium hydroxyapatite, and small amounts of protein polysaccharides and mucopolysaccharides (ground substance or cement). The organic content of bone is relatively constant at 0.6 g/mL, whereas the mineral content varies (up to 2 g/mL). Bone is slightly viscoelastic, in that rapid deformations result in 95% of the eventual displacement caused by slow deformations. Because of this difference, the energy required for fracture is higher under rapid loading conditions. Under very rapid (ballistic) conditions, bone shatters into comminuted fragments. The total energy required to create a fracture is thus reduced. Bone is anisotropic, with a fiber pattern that is parallel to the predominant axis of loading. It displays both elastic and plastic behavior.


The stiffness of bone is approximately 10% that of stainless steel and 20% that of titanium alloy (Ti-6Al4V, or simply 116-4). This means that the stiffness of bone is closer to that of titanium than steel implants. This fact has been used to suggest that there is a better “match” between titanium and bone than between stainless steel and bone. In certain circumstances this might be important, such as when a permanently implanted device will be subjected to repeated deformations while the bone-implant juncture could loosen. Alternatively, the use of steel implants creates a construct of higher stiffness. Surgical constructs of higher stiffness have been associated with higher fusion rates, both clinically and experimentally. Because the optimal stiffness of a surgical construct for bone healing is unknown, the selection of implant material should not be influenced by minor variations in the stiffness of materials.









Stainless Steel


Stainless steel implants are iron- and carbon-based alloys. Medical grade stainless steel alloys typically contain chromium (18–22%), nickel (18–22%), molybdenum (2.5%), manganese (2.5%), and carbon (0.03–0.08%) by weight.


Initial trials of stainless steel as an implant showed that resisting corrosion by improving resistance to chloride degradation was insufficient. The addition of molybdenum and chromium reduced the incidence of corrosion and pitting by aiding the defense against chloride degradation.1,5


The 316 stainless steels, which have a face-centered cubic structure, are the steels that are used most commonly for spinal implants. There are two grades, grade 1 (316) and grade 2 (316L), of which grade 2 has the lower carbon content. The lower carbon content aids in reducing the formation of metal carbides, which leads to a decrease in the corrosion resistance of the alloy.1,8 These 316 alloys are commonly used in fracture fixation devices. They are commonly hot- or cold-worked and solid solution–strengthened.









Titanium-Based Alloys


Titanium-based alloys currently are the alloys most commonly used for bioimplantation. Pure titanium (cP-Ti) and an alloy with aluminum and vanadium (Ti-6Al-4V) are the most common compositions for titanium in the United States.1,5


Titanium-based alloys are advantageous for several reasons. They have both high strength and fatigue resistance. Commercially pure titanium has a hexagonal, close-packed structure; various grades differ in their oxygen concentration. In small quantities, oxygen serves to solid-solution strengthen the alloy by interstitial placement of the atom. However, in excessive amounts, oxygen can weaker the material by decreasing the number of grain boundaries. This results in a much lower fatigue strength and surface ductility.1,5,8 Titanium-based alloys also have decreased stiffness when compared to stainless steel. The reduction in stiffness facilitates transfer of the stress at the bone-implant interface to the alloy; this minimizes bone resorption at the interface. Titanium-based alloys have higher fatigue strength when compared with stainless steel. However, titanium alloys are vulnerable to any surface flaws. Any scratch or notch can rapidly accelerate the fatigue failure process. Titanium, in its pure form, is generally weaker than stainless steel, but it can be cold-worked to increase its strength.1,2 Titanium alloys also lack any known immunogenicity, an important advantage for any foreign body implant.









Surface Structure and Modifications of Alloys


As discussed previously, any surface component that prevents crack formation will decrease an alloy’s sensitivity to fatigue. Implant alloys typically use an oxide film for their surfaces. These oxide films are considered passive films because they are the result of oxidation of the outermost metal atoms on the surface of the alloy.1


Corrosion is an oxidative process that is a threat to alloys. Corrosion would ensue rapidly without passive films. Stainless steels have oxide films composed of Cr2O3, FeO, and Fe2O3. This thin film separates the metal from its surrounding, corrosive environment and is the major factor in resistance to decay. Titanium alloys form TiO2, which plays a similar role to that of chromium oxide with stainless steel. Oxide films also serve as a protective barrier on articulating surfaces of the alloy.


Immersion of steel alloy surfaces in nitric acid baths also delays corrosion. Nitric baths dissolve impurities anywhere they exist on the surface of the metal implants, thereby ensuring an intact oxide film.


Surface modification is used to increase local strength and hardening of implants. Two types of surface modification include ion implantation and vapor deposition.1,5 Ion implantation, the direct implantation of gas phase ions into the alloy, involves the acceleration of ions toward the surface of the alloy. The ions penetrate and increase the number and type of subsurface defects and dislocations, which leads to an increase in the durability of the metal surface and a reduction in its susceptibility to corrosion.1,9


Another method of surface modification is either chemical or physical vapor deposition. This technique adds a new hardened coating to the alloy surface, usually composed of chromium nitride (CrN) or titanium nitride (TiN). One shortcoming of hardened coatings is that they have variable adhesion with the alloy.


Finally, nitriding is a process that modifies the surface of a material by a chemical reaction with nitrogen, which places nitrides on the surface. A portion of the surface of stainless steel or titanium can undergo nitriding by causing the surface to react with either gaseous ammonia or molten potassium cyanate.1,5 The result is a great increase in surface hardness of the alloy.









Ceramics


In contrast to metals, ceramics have chemical bonds that are predominantly ionic, with a densely packed array of oppositely charged atoms (Fig. 20-8). These atoms have limited mobility because of the interaction of charges of nearby atoms. This charge interaction results in a stiff material with low ductility and no plasticity. Ceramics are composed of crystals oriented randomly in a dense framework that consists of metallic oxides. They may have inorganic chain molecules, such as silicon dioxide in a glass phase. Traditional ceramic materials often have impurities and internal microporous inclusions that limit their strength to less than the theoretical maximum. Newer ceramics are synthesized with chemically pure materials with high densities or as composites with greatly increased strength.10-12
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FIGURE 20-8 Ceramics have strong ionic bonds and these charge interactions result in a stiff material with low ductility and no plasticity.




An advantage of oxide ceramics is their wear reduction compared to that of alloys.1,10 Metals and alloys have a protective oxide film that can be peeled off by adherence to opposing surface polymers.1,10 This causes local ion release from the alloy. This loss and reformation of the oxide film is a repetitive process that can accelerate degradation of the surface of the alloy implant. Oxide ceramics do not have a passive oxide film and may, as a result, have less long-term breakdown.









Synthetic Polymers


Synthetic polymer production is a rapidly expanding field of implant technology. Polymers, commonly known as plastics, typically are very large molecules made from a large number of individual subunits called monomers. Polymers are chemical compounds that are formed by combining these smaller, repeating structural units. The subunits repeat in various patterns, following principles similar to those of molecular biology. The covalent bonds in polymers have a fixed length. The complex folding of polymers is created by weak hydrogen bond cross-links that permit unfolding and elongation. The two most commonly used polymers are polymethylmethacrylate (PMMA) and ultra-high molecular weight polyethylene (UHMWPE).1


Stiffening the “backbone” molecular chain and increasing the cross-links, the polymer can be made less flexible. Numerous other properties can be influenced by chemical changes, including density, crystallization, solubility, thermal stability, and strength. UHMWPE has been extensively used for artificial joints because of its favorable surface wear and creep properties. In spine surgery, PMMA has been used extensively because of the additional polymerization that occurs when the powder and liquid are mixed.


The intermediate phase of polymerization yields a doughy material that can be worked and shaped into complex defects before it hardens. PMMA has many molecular and macroscopic defects that contribute to its characteristically weak tensile strength. These defects originate in the powder phase, which consists of microspheres. The microspheres are bound together as the methylmethacrylate monomer (liquid phase) polymerizes into a matrix that incorporates the microspheres. Even after hardening, the juncture between the powder phase microspheres and the liquid phase remains relatively weak. Additionally, the polymer chains have very few cross-links. For all these reasons, the polymerized PMMA has a low tensile strength.


Composite materials are a combination of a filler and matrix. Traditionally, the filler is glass or carbon fibers, whereas the matrix is epoxy, carbon, UHMWPE, PMMA, or a variety of other materials. The fibers can be particulate or relatively large and stiff, in which case they are termed whiskers. Composites with whiskers have high tensile strength but can be brittle. Fiber orientation in relation to the direction of loading is important. A complex variety of stress responses can be obtained in polymer matrix composites, making these materials anisotropic. Biologic materials such as bone, ligament, and tendon also are composites with anisotropy. An example of a composite used in spine surgery is the carbon fiber cage for interbody fusion, which is composed of long-fiber carbon and Ultrapek (polyether ketone; BASF Aktiengesellschaft, Germany).13









Bone Morphogenetic Protein


Bone morphogenetic protein (BMP) is a group of proteins of the transforming growth factor beta (TGF-β) family that can induce bone growth. Currently, they are synthesized using recombinant DNA and work via signal transduction through BMP receptors. Of the several BMPs, the most commonly used is BMP-2, a disulfide-linked homodimer that induces bone and cartilage formation, playing a key role in osteoblast differentiation and making it a useful adjunct in spinal fusion.


The use of growth factors such as BMPs is showing great promise in spinal surgery and has been used successfully in spine fusion and fracture healing.14 Several animal models have demonstrated that BMP-containing allograft or synthetic carrier medium is as effective as or superior to autograft bone in promoting spinal fusion.15 Burkus et al. have illustrated that in ventral lumbar fusions, allograft cortical bone with rhBMP had equivalent fusion rates as autogenous bone graft without the associated graft site morbidity.16


Recombinant human bone morphogenetic protein type 2 (rhBMP-2) has been demonstrated to be safe and effective in posterior lumbar interbody fusion procedures when used as an absorbable collagen sponge carrier as an alternative to iliac crest bone graft.17 The efficacy of rhBMP-2 in augmenting fusion also has been shown when used in non-instrumented posterior lumbar decompressive surgery and leads to satisfactory outcomes, specifically improved pain relief, function, and bone formation, in elderly patients without the use of instrumentation.18 In addition to lumbar surgery, a prospective nonrandomized study in patients undergoing anterior cervical discectomy and fusion has demonstrated that those performed with BMP allograft are as effective as iliac bone graft in terms of patient outcomes and fusion rates.19









Biocompatibility


All surgical procedures are associated with a disruption of normal anatomic tissue planes. This results in an accumulation of exudative fluid, fibrin, platelets, and polymorphonuclear leukocytes. From days 3 to 5 after surgery, macrophages accumulate and remove the surgical debris. By 10 days, the macrophages are no longer present, and lymphocytes predominate. This stage is followed by fibroblasts, which complete the cellular phase of healing. Ceramic implants are very biocompatible, because the cellular response to wound healing is not significantly altered.


However, in the presence of a metal implant, the immune system is activated, with the production of protein-metal hapten complexes, complement activation, and the resultant cellular and humoral immune responses. A chronic inflammatory state with sustained populations of macrophages, lymphocytes, and occasional plasma cells persists for several weeks or months. Eventually, as the inflammatory response subsides, these foreign bodies are sequestered by dense fibrous tissue. Direct apposition of bone to an implant, without an interposed fibrous layer, is very rare, with the exception of titanium and bioactive ceramics such as calcium hydroxyapatite.


In total joint replacement, wear debris accumulates as a function of the force across the joint, the relative displacement of the articular surfaces, and a variety of wear mechanisms, including abrasion, corrosion, fretting (micromotion), and third-body wear resulting from wear debris between the articular surfaces. Wear debris also can cause adverse local responses to the implant, such as osteolysis and regional lymphadenopathy. These phenomena are of increasing interest to neurosurgeons, because articulating artificial discs have become more widely used as an alternative to spinal fusion.20-22


For most surgical constructs, stainless steel implants are sufficiently nonreactive to permit bone fusion before the deleterious consequences of the normal inflammatory response, such as severe pain or loosening. The presence of a metal implant may lead to an increased risk of infection. In vitro testing of stainless steel and cobalt alloy materials has shown inhibition of macrophage chemotaxis and phagocytosis, which may contribute to the increased risk of infection. The avascular fibrous layer that accumulates around metal implants in bone also may contribute to this risk. Sites associated with PMMA are especially vulnerable, most likely due to the 0.1- to 0.5-mm layer of necrotic bone that is created by the direct toxicity of the methacrylate monomer and the heat released during hardening.


The fibrous layer around implants may be associated with painful late loosening of the device. For example, after an intertransverse lumbar fusion has occurred, micromotions may persist between the vertebral bodies, resulting in painful movements of vertebral bone in relation to pedicle screws. In theory, bone in-growth and direct adhesion to an implant (such as what occurs with titanium) may lessen the risk of infection and painful late loosening.


Metal allergy is widely prevalent and well recognized, but is poorly understood. Metal ions alone will not stimulate the immune system. When linked with proteins, metals such as cobalt, chromium, and especially nickel are immunogenic. The characteristic immune response to metals is delayed hypersensitivity. This has been proposed as the cause of premature loosening in total hip arthroplasties. Delayed development of sensitivity after prolonged exposure to a metal implant has been well documented, using the leukocyte migration inhibition test.23 The clinical significance of metal allergy in spinal surgery is unknown, but these data suggest that patients reporting skin sensitivity to metal should be considered for titanium implants rather than stainless steel before elective spinal surgery.


The mechanical strength immediately after instrumentation is determined by the worst case of device-graft subsidence; after instrumentation, bone will adapt itself to the changed loading conditions and therefore reduce the risk of subsidence.24 Knoller et al. demonstrated a relationship between the stability of a spinal instrumentation and bone mineral density and a significant influence of bone mineral density on range of motion.25


Osteolysis, or periprosthetic bone loss, may occur at the site of an implant. Structural remodeling of surrounding bone occurs in response to stress shielding. This bone destruction can lead to loosening and possible failure of the implant. Factors that are thought to play a role in osteolysis include the formation of particulate debris and loosening, or motion, of the implant.6 Once the particles are generated, macrophages proliferate and attack the periprosthetic space. This leads to activation of an inflammatory cascade and the induction of osteoclastic pathways.









Summary


Contemporary spinal surgeons are faced with the task of making informed decisions regarding the choice of implant for stabilization. The spinal surgeon must have an understanding of the physical and chemical properties of any material that he or she is contemplating implanting into the patient. Various advantageous properties of alloys, and biomaterials in general, include strength, ductility, modulus, hardness, and biocompatibility. Each material possesses different advantages and disadvantages. It is up to the surgeon to understand this increasingly complex aspect of the field and to make decisions accordingly.
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Background


In the second half of the 20th century, the research area of biomechanics encompassed a problem that, at one time, was of interest to Leonardo daVinci–the human spine.1 In the 1970s and 1980s, in particular, there was a rapid increase in the biomechanical analysis and quantitative understanding of the anatomy of the spine and clinical issues related to its treatment.2-8 This new insight enabled researchers to design and develop devices that aimed to restore normal physiologic movement.9,10 However, one of the unforeseen consequences of this flurry of scientific activity was a lack of standards.9,11-13 Depending on the laboratory and the application, devices were being evaluated under different conditions, making comparison difficult. Limitations related to the peculiar nature of the spinal anatomy and testing made standardization difficult. Eventually, however, consensus was achieved and standards evolved.9,13 From the economic point of view, spine biomechanics seems to have delivered on its promise. According to Epsicom, a global market research company, the spinal implant market saw a growth of about 8 billion dollars in 2008. It is estimated that by 2012, the worldwide spinal market will realize revenues of 10 billion dollars.


Another avenue of inquiry has been aiming at resolving clinical issues without the use of any “mechanical” devices. This field, tissue engineering, has started to show great promise in the field of spine biomechanics. With U.S. federal funding available for stem cell research, a global market of 4.8 billion dollars, and about 200 companies working on designing newer and better orthopaedic biomaterials, the future is bound to see a growing influence of tissue engineering in spine deformity correction. Although challenges exist,14,15 our understanding of issues related to the regeneration of the nucleus pulposus16,17 and anulus fibrosus18 has increased manifold. As a case in point, much interest is being paid to scaffolding.19,20 Interested readers are advised to review a classic publication by Lanza et al.21


Back- and neck-related issues led to 86 billion dollars in health care expenses in the United States from 1997 to 2006.22 In the same decade, an increase of nearly 50% was found in the number of patients seeking spine-related healthcare expenditure.22,23 In parallel, a 65% increase in health care expenditure in general was measured. Numerous types of surgical procedures are performed on the spine to prevent further deterioration of spinal components or escalation of pain, and various devices are being conceived, designed, tested, and implanted to aid in these treatments. Most of this instrumentation—for example, interlaminar hooks, transpedicular screws, interbody spacers, and cages—is relevant to spinal fusion.24 The goal of such instrumentation is to fuse two or more vertebrae together to eliminate pain and allow the patient to return to normal activities. Alternatives to fusion include the hydrogel-based prosthetic nucleus, the liquid polymer-based nucleus, motion preservation devices, and artificial discs.24


As shown in Figure 21-1, almost everything that is done in biomechanical testing flows from an existing spinal disorder and the perspective of the individual researcher. We do not claim that this algorithm is comprehensive, a case in point being the regulatory part of the process. Other variables include the types of perspectives (e.g., material science), concepts, and tests. Based on his or her perspective and the clinical objective, a researcher may come up with a concept of a solution, for example, a tissue-engineered nucleus for a damaged intervertebral disc. This concept is tested, proving or disproving a predefined hypothesis. The nature of the specific test may be purely mechanical, biomechanical, or based on biocompatibility. In the case of an engineered nucleus, for example, a test could be any of these (except in vivo, which is rare).20 For the nucleus, such a test could involve measurement of motion after surgical implantation in a cadaveric spine model or, perhaps, a purely mechanical study assessing its compressive modulus (i.e., a bench-type test). On the other hand, if the clinical objective is being met from a mechanical perspective, resulting in a mechanical device, the range of tests would include pure mechanical tests such as fatigue and wear tests. Determination of the chemical composition following corrosion and wear testing complements these mechanical tests. At some stage, testing using animal spine models, cadaveric spines, analogue spines, or computer simulations (i.e., in silico), and, eventually, clinical trials on human subjects, will follow.
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FIGURE 21-1. A testing algorithm for spinal implants.




Although all types of testing modalities are important in the process of concept evaluation and assessment as shown in the algorithm, this chapter focuses on three: bench type; in vitro, or, more appropriately cadaveric; and in silico testing of devices and engineered tissues under the overarching term of biomechanical testing. Moreover, we differentiate between construct testing and implant testing. The terminology, testing procedures, apparatuses, and protocols that have evolved over the years in testing of spinal implants also are reviewed. We also speculate regarding future prospects for biomechanical devices and note the areas that may need more attention from the spine biomechanics community.









Bench-Type Tests for Approval by the U.S. Food and Drug Administration


To evaluate the endurance and strength of orthopaedic implants, various mechanical and materials testing protocols have been proposed by ASTM International (formerly known as the American Society for Testing and Materials) as standards for testing of such devices under different dynamic and static loading profiles (Table 21-1). These protocols allow researchers to estimate the static strength and fatigue limits of an implant assembly and its individual components in a consistent way, thereby enabling a fair comparison of results. Guidelines also are proposed by ASTM and the International Organization for Standardization (ISO) for evaluation of fixation of the parts and loosening effect at the interface of implant components.




TABLE 21-1 ASTM and ISO Standards for Device Evaluation*
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Data from these standardized tests are used by the medical device industry to seek approval for commercial distribution of devices from the U.S. Food and Drug Administration (FDA). Medical devices are categorized by the FDA in classes—class I, class II, and class III—based on the degree of regulatory control. Most class II devices, such as the pedicle screw–based instrumentation systems, require submission of a Premarket Notification 510(k), whereas class III devices—devices that pose a significant risk of illness or injury—require premarket approval (PMA; Fig. 21-2). Motion preservation systems, for instance, are categorized as class III devices. The test protocols listed in Table 21-1 pertain to class II devices. Class III devices also may be assessed using these protocols, but approval for commercial distribution of such devices requires submission of clinical data in support of the manufacturers’ claims.
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FIGURE 21-2. A schematic view of a typical motion preservation system undergoing hybrid testing for premarket approval (PMA). To the right of the figure, a motion preservation system can be seen. The arrows show the direction of applied force.




Similar tests sometimes are carried out on ligamentous motion segments. These tests include subsidence tests, pull-out25 or push-out testing of pedicle screw systems26 and cages, respectively, and fatigue tests. Subsidence is a phenomenon in which one or both vertebral end plates adjacent to the implant collapse and allow the implant to move in, increasing the probability of deformity progression and worsening of the fusion.27 Static, quasi-static, or dynamic tests such as pull-out tests also are performed on pedicle screws to measure bone-implant interfascial strength under such forces. New ASTM guidelines are available for the assessment of facet replacement technologies, wear characterization, and motion preservation systems such as artificial discs.


Wear testing is carried out on a wear simulator (Fig. 21-3). One such simulator (MTS Bionix, MTS Systems Corp., Eden Prairie, MN) consists of six active stations (test stations) and one control station.28
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FIGURE 21-3. MTS spine wear simulator (MTS, Eden Prairie, MN). Test stations have 6 degrees of freedom, whereas the control station is under compressive load only.


(Adapted from Bhattacharya S, Nayak A, Goel VK, et al: Gravimetric wear analysis and particulate characterization of a dynamic posterior system, PercuDyn™. Presented at the 55th Annual Meeting of the Orthopaedic Research Society, February 22–24, 2009, Las Vegas, NV, Orthopaedic Research Society, Rosemont, IL.)





Polymeric components in a disc replacement device are soaked in a bath for a week before the test. These are then cleaned and dried in accordance with ASTM F2423-05 (see Table 21-1). Flexion-extension, lateral bending, and rotations are simulated under a constant preload as per ASTM standards. Mass measurements are performed both before and after testing to assess the wear rate. Particulate characterization and element contributions are evaluated using computer- controlled scanning electron microscopy.









Analysis


Conversion of three-dimensional (3D) marker placement data is carried out to evaluate the Cardan or the Euler angles. To determine the motion of the specimen, the data are entered onto the global coordinate system. Relative motion of a component of the construct also may be determined with respect to a static fixture, for example, the mounting platform. Appropriate statistical analysis is performed to assess the impact of a surgical procedure. In most cases, a two-tailed t test, a Tukey test, or a one-way analysis of variance (ANOVA) turns out to be sufficient.


Some of the terminology and parameters associated with the analysis of load-displacement data from a typical in vitro test are as follows:




Elastic zone: The amount of total deformation that offers resistance to the applied load. It is measured by evaluating the tangent to the curve at the load that causes maximum deformation (Fig. 21-4; points 5 and 6).


Elastic zone stiffness: This is the stiffness that characterizes the amount of elastic (or recoverable) deformation of the specimen.


Energy dissipation: To characterize the viscoelasticity or plasticity of the specimen being loaded, the area enclosed by the load-displacement curve is evaluated. This quantity provides a measure of the dissipated energy.


Neutral zone: The amount of unrecovered deformation once the specimen is under no load. In cycle 3 shown in Figure 21-4, NZ is the neutral zone. It also may be defined as the part of the range of motion wherein the specimen offers the least resistance to the applied deformation.


Neutral zone stiffness: The stiffness of the specimen in the neutral zone, determined by the slope of the load-displacement curve at the point of no deformation


Preconditioning: Cycles of load applied to the specimen—intact or otherwise—to mitigate the impact of the viscoelastic nature of the tissues. From Figure 21-4, cycles 1 and 2 are the preconditioning cycles.


Range of motion (ROM): The linear or the angular distance that a specimen (intact or injured or construct) travels in a plane with the application of load in that plane. From the load-displacement curve of Figure 21-4 the ROM can be calculated as (+ROM) − (−ROM).


Relative range of motion (RROM): The relative motion for the entire spine or a segment or even a vertebral body with respect to the static mounting platform


Sigmoidity: A measure of the non-linearity present in the mechanical behavior of the specimen,29 calculated as the ratio of the neutral zone stiffness and elastic zone stiffness.


Stiffness: The mechanical resistance of a specimen to an applied load, measured by the slope of the load-deformation or load-displacement curve along a linear region or regions in a nonlinear curve.
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FIGURE 21-4. As the load is applied, deformation of a specimen follows a typical curve that reveals hysteresis. The unloading part of the curve does not retrace the loading part of the curve. EZ, elastic zone; EZS, EZ stiffness; NZ, neutral zone; NZS, NZ stiffness; ROM, range of motion.


(Adapted from Wilke HJ, Wenger K, Claes L: Testing criteria for spinal implants: recommendations for the standardization of in vitro stability testing of spinal implants. Eur Spine J 7:148–154, 1998.)
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FIGURE 21-6. A functional spinal unit in a three-dimensional coordinate system. Forces and moments are shown by straight and curved arrows, respectively.


(Adapted from Goel VK, Panjabi MM, editors: Roundtables in spine surgery. Spine biomechanics: evaluation of motion preservation devices and relevant terminology, Vol 1, St. Louis, MO, 2005, Quality Medical Publishing.)












In Vitro Testing


The human spine is a complex structure composed of hard and soft, active and passive tissue. This structure has multiple degrees of freedom at each one of several joints formed by intervertebral discs. Ideally, from a biomechanical and biochemical point of view, the most physiologically relevant model for testing the efficacy of a device, surgical technique, or engineered tissue is the human spine of a live subject. However, this is not a practical option. In vitro testing offers significant advantages, even though factors such as intra-abdominal pressure and muscular forces are hard to replicate.13 In vitro studies have the advantages of the possibility of standardization, ease of estimation of the impact of a surgical procedure, or a simulated injury or stabilization using an implant, because the loads can be varied with relative ease. Such protocols enable researchers to compare different devices designed and developed for the same clinical requirement. Once the device components have been tested using protocols cited in Table 21-1, in vitro testing brings their performance evaluation closer to in vivo use in patients.






Terminology


Some of the terms most commonly used in in vitro studies are defined in this section.




Anatomic planes: To make it possible to specify the locations and angular configurations of the vertebrae, a coordinate system is defined that has three mutually orthogonal planes: the sagittal plane (side view), the frontal or coronal plane (front view), and the transverse plane (top view). Figure 21-5 shows the three anatomic planes along with the terminology for forward/backward, left/right, and up/down directions.30


Center of rotation (COR) or instantaneous axis of rotation (IAR): In a general planar motion, the axis of rotation may move. If this movement is broken down into steps, the instantaneous axis of rotation can be identified at every step of the motion. Such an axis may pass through the rigid body (in the case of a spinning top) or lie outside it (in the case of the flexion or extension of a spinal segment). To specify the IAR completely, one must provide three numbers: two for translations and one for rotation or any combination of these parameters. The IAR is specified only for plane motion, not for 3D motion—that is, there is no IAR for lateral bending or axial rotation because these involve 3D motion, whereas flexion and extension are considered planar motions for all practical purposes.31 However, there is evidence that relatively small coupled motions are present even in flexion and extension.32


Coordinate system: An orthogonal, right-handed, 3D reference system that makes it possible to define the position and motion of vertebral bodies. In Figure 21-6, the x, y, and z axes represent the three orthogonal directions with the origin of the coordinate system located at the base.29 The positive x-axis represents the left lateral direction, whereas the positive y-axis represents the rostral direction and the positive z-axis represents the ventral (anterior) direction. Such a system is known as a global coordinate system. A reference system can be local, however, in the sense that it allows for the position and motion of rigid bodies to be defined with respect to each other. Wilke et al.29 suggest, for most cases, “the mid-point in the frontal plane of the dorsal (posterior) margins of the two adjacent” vertebral endplates as the origin of the local coordinate system.


Degrees of freedom: The number of independent coordinates necessary for complete specification of the position of a particle or a rigid body in space. Under an applied load, a rigid body may move, in total, in six directions: that is, it has 6 degrees of freedom: three translational and three rotational. In comparison, a particle can have only 3 translational degrees of freedom. A general motion by the vertebra may be broken down into six components of these pure motions.


Envelope of the helical axis of motion: The surface generated by various helical axes of motion of a moving rigid body.


Follower load: A compressive load applied to the spinal segment (through strategic points on each vertebral body) that aims at minimizing the coupled flexion-extension changes in motion and shear force in the disc by following the COR of each functional spinal unit of a specimen.33 In cadaveric experiments, a compressive follower load is applied to the specimen to mimic the upper body weight and muscle force application on the lumbar spine. The application of follower load works well only in flexion and extension.31 Bilateral cables are used to apply this load.


Functional spinal unit (FSU) or motion segment: The macrostructural unit of the spine, representing the broad mechanical behavior of two adjacent vertebrae, ligaments, the intervening intervertebral disc, and zygapophyseal (or facet) joints. Studying the biomechanics of an FSU is convenient and relatively straightforward. Figure 21-7 shows with an FSU with an intact intervertebral disc.


Helical axis of motion (HAM) or screw axis motion: As an alternative to x, y, and z coordinates and Euler angles, motion of a rigid body can be decomposed into a translation and rotation about the axis of translation. This axis is known as the screw axis or helical axis of motion. It can be visualized by observing the motion of a screw being driven into a pedicle of a vertebra. As the screw is being tightened, it not only rotates but also translates into the pedicle along an axis running through the screw. Consistent with the 6 degrees of freedom for a freely moving rigid body in the 3D coordinate system, six scalar quantities are required to define 3D motion using HAM: two for the orientation of the axis, two for its position, one for the amount of rotation about the axis, and one for the amount of translation along the axis. The helical axis of motion, although difficult to visualize, particularly for clinicians, may provide quality of motion when compared with an end-point parameter such as range of motion (ROM), which determines simply the quantity of motion. For example, it recently was found that axial rotation causes the helical axes to migrate dorsally, correlating well with high facet joint forces.34


Injured specimen: A spine specimen with existing or simulated clinical pathoanatomy in terms of injury of ligaments, disc(s), and/or bony tissue


Instability: From a purely mechanical perspective, instability of a specimen undergoing in vitro testing may be characterized by a significant change in the range of motion relative to the intact specimen, for example, 3.5 mm of translation will make a specimen unstable.35 Instability may be related to spinal degeneration and pain.


Intact spine specimen: A portion of the fresh-frozen cadaveric spine consisting of one or more contiguous functional spinal units with intact ligaments and disc(s). Fascia, muscles, and fatty tissues are dissected.


Muscle force simulator (MFS) or replicator (MFR): A system that simulates muscle forces on a spinal motion segment. Unfortunately, this experimental setup was found to be so arduous that repeating similar experiments became unrealistic.36,37


Plane motion: Motion characterized by translation(s) and/or rotation(s) in a single plane. For instance, flexing the vertebra (or, in other words, forward bending) is a plane motion occurring in the sagittal plane. In Figure 21-6, flexion will be fully specified in the y-z plane. Flexion of the vertebral body at the top will involve not only rotation but also translation. Furthermore, there may be some varying degree of out-of-plane motion as well.38


Primary and coupled motion: In terms of plane motion, the motion occurring in the same direction as the one in which the load is applied is known as primary motion. The out-of-plane motion is known as coupled motion.


Primary loading directions: In most cases, spinal motion segments are tested in the following directions: flexion-extension, left-right bending, and left-right axial rotation. Pure moments are applied in one of these directions, and motion is measured. In a complex system such as a spine, application of a pure moment results in six motions. So, in an experiment that involves applying 6 pure moments on a segment, 36 load-displacement curves exist. A specimen may be loaded in a number of ways, which may be understood in terms of their orthogonal constituents or components in a global coordinate system. Reaction loads, for example, can be understood as being composed of three forces and three moments acting at a point of interest, such as the base of the specimen shown in Figure 21-6.


Relative motion: The motion of a rigid body with respect to another rigid body, for example, the motion of a vertebral body with respect to an adjacent vertebral body. However, the motion of a vertebral body relative to the static floor is absolute (or global) motion.


Rigid body: A system of particles in which the distance between any two particles remains unchanged regardless of external loads (forces or moments) applied. In other words, a rigid body does not deform. A rigid body is an idealization of a solid body of finite dimensions for the purpose of analysis. In construct testing, vertebrae are considered as rigid bodies.


Rotation: The vertebra in Figure 21-6 can rotate about three orthogonal axes in a clockwise (positive) or counter-clockwise (negative) direction. Curved arrows in Figure 21-6 show these degrees of freedom. In a 3D global coordinate system, Euler or Cardan angles specify the rotation of a rigid body.


Spinal construct: A portion of the spine instrumented with an implant or several implants of interest. Its characteristic motion is different from that of the intact spine. Figure 21-8 shows a spinal construct prepared for testing. The vertebra at the bottom is embedded in a polyester resin or low-melting-point alloy of choice for attachment to the test fixture, and a loading frame is rigidly secured to the superior-most vertebra for the application of loads.


Spine loading simulator: An apparatus to hold spine specimens and test them under different loading scenarios. Several research groups have come up with various designs of a loading simulator, ranging from fully automated to a system of pulleys and dead weights, for manual application of loads.


Three-dimensional motion: The type of motion seen in a rigid body in a global coordinate system that is free to translate or rotate in one or more of its six degrees of freedom


Translation: As shown in Figure 21-6, a vertebra can translate along three axes, that is, positive or negative x, y, and z axes. These are shown by straight arrows.
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FIGURE 21-5. Primary anatomic planes for the human body. The sagittal plane is the side view, the frontal plane is the view from the front, and the transverse plane is the view from the top. The frontal plane is also known as the coronal plane. x1, x2, and x3 are also referred to as x, y, and z coordinates.


(Adapted from Tozeren A: Human body dynamics: classical mechanics and human movement. New York, 2000, Springer-Verlag.)
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FIGURE 21-8. A spinal construct mounted on a base ready for testing.
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FIGURE 21-7. A functional spinal unit shown with ligaments: (1) anterior longitudinal; (2) posterior longitudinal; (3) ligamentum flavum; (4) transverse; (5) capsular; (6) interspinous; and (7) intraspinous. D represents the intervertebral disc. The center line separates the anterior ligaments from the posterior ligaments.


(Adapted from Goel VK, Weinstein JN, editors: Biomechanics of the spine: clinical and surgical perspective. Boca Raton, FL, 1990, CRC Press.)












Specimen Selection






Species


Several functional animal models have been evaluated for testing the efficacy of spinal implants.29,39 Calf, sheep, and baboon spines have been used previously. It has been found that larger primates such as baboons are needed for simulating the load, although calf and sheep spines may be valid for range of motion studies. Animal models have several limitations, including appropriate shaping and sizing of implants for the animal tissue, comparable human surgical technique, and differences in the functional anatomy and motions between the human and the animal spine.


Human cadaveric spine models have their own set of limitations. The spine specimens tend to be from elderly individuals who may have suffered some sort of degeneration of the bone (e.g., osteoporosis) or disc (e.g., stenosis) or the spine itself (e.g., spondylolisthesis). Specimens in which such degeneration is apparent are excluded.29









Classification


Documentation of the species, age, race, height, weight, gender, cause of death and any pathoanatomy is beneficial in making reasonable conclusions from the data. Bone mineral density is obtained using a dual-energy x-ray absorptiometry (DEXA) scan. Moreover, radiographs and CT scans help with the assessment of spinal degeneration and other anomalies.









Sample Size


Goel and Weinstein40 suggest using 6 to 10 specimens, whereas Wilke et al.29 suggest using at least 6 specimens. It is not clear whether they performed a priori or post hoc power analyses.









Number of Segments


At least two FSUs must be included in any given in vitro study.40









Sequence


Due to the inherent variability among specimens, the same specimen sometimes is used for comparison among different devices.41 Usually, the intact state of the FSU is tested first, followed by the injured state and then by the stabilized state.












Testing Environment


Two key factors that may influence the mechanical performance of the construct are temperature and humidity, which is maintained by constant spraying of an appropriate solution, either manually at regular intervals or in an automated fashion using a peristaltic pump. Most experiments are carried out at room temperature. It is known that body temperature causes a slight expansion in ligaments, whereas discs and tendons creep at a higher rate.42 Evidence for changes in the extensibility and fatigue life of bone also exists.42 Wilke et al. showed that moisture plays a significant role43 and recommended intermittent spraying of specimens with 0.9% saline.29






Specimen Handling and Preparation






Safety


Proper biohazard safety precautions must be taken before handling biologic tissues. It is common practice for individuals who prepare spinal specimens for testing to wear full protective surgical gear, consisting of a surgical gown, gloves (double), head scarf, face mask, goggles, and shoe covers. Proper procedures are kept in place as for medical emergencies. Furthermore, for ethical reasons, no noticeably identifiable major tissues are discarded in the biohazard bins; such tissues are cremated.









Storage


Musculature is removed from fresh cadaveric specimens as quickly as possible using typical surgical tools. Care is taken to prevent any damage to ligaments and bony structures. Next, the specimens are sealed in double or triple plastic bags and then frozen at −20°C to −30°C. Specimens may be frozen after being wrapped with saline-soaked gauze.









Preparation


Before testing a spinal segment, a specimen is thawed at room temperature for several hours. Preparation may involve casting in resin, attachment of light-emitting diode (LED) marker plates for motion measurement, surgical insertion of implants, guides for follower load cables, and insertion of transducers for facet joint load or disc pressure measurement.44 A surgical procedure is simulated to represent a clinical scenario as closely as possible. Such procedures may be necessary to imitate a pathologic state. For instance, a vertebral compression fracture may be simulated as a wedge-shaped excision.45,46















Testing Apparatus


Two main components of in vitro spinal construct testing are the spinal loading simulator, which allows the application of loads on the spinal segment, and a motion measurement system, which allows evaluation of the 3D motion of the various rigid bodies that are part of the construct.






Spinal Loading Simulator


The spinal loading simulator allows 6 degrees of motion for a spine segment. Different types of simulators have been designed: pulley- and cable-based,47-49 orthogonal stepper motor–based,50,51 robotic arm–based,52-56 Stewart platforms,57 and others.58,59 These systems use different control paradigms: constrained load control, unconstrained load control, and displacement control.60 More recently, newer simulators have been designed60-62 to minimize apparatus-related errors. These systems aim at applying pure moments on the spine,9 because applying forces on the spine results in nonuniform loading of the construct, rendering a direct comparison of results challenging. The literature, however, is not clear regarding the accuracy and precision of each of these systems. There is evidence that the apparatus may induce significant artifacts.63 Although most researchers acknowledge the lack of standardized protocols, a gold standard still remains elusive.









Motion Measurement System


The motion measurement system allows the measurement of 3D motion of a set of markers. A plate carrying at least three non-collinear markers is screwed into a vertebra to assess the rigid body motion of that vertebra. All six motions—three translations and three rotations—are evaluated, first in a local coordinate system and then in a global coordinate system. This motion measurement system, like the load simulator, may have inherent errors associated with the camera system or the marker configuration.61 Publishing the accuracies inherent to the various setups (including marker configuration) would be beneficial to the scientific community in general.


Other transducers also provide relevant information.13 For instance, film force sensors, pressure sensors, accelerometers,13 buckle transducers, and strain gauges64 have been used to measure facet joint loads, disc pressure, and vibration in the spine and strain in the instrumentation,65 respectively.












Testing Methods






Static Strength Testing


Until the early 1980s, spinal constructs were tested destructively. These strength tests involved loading an intact spine until some type of failure occurred (either plastic deformation or fracture).66 High ultimate strength was considered to correlate with higher stability.11 Parameters like load-to-failure, work-to-failure (or energy-absorbed-to-failure), and stiffness are determined in this type of test, but these are relevant only to catastrophic failures, which are rare. Fatigue failure of implants (e.g., pedicle screw instrumentation) is more common,67 leading to the evolution of nondestructive testing of spinal segments under subfailure loads. However, cyclic testing rarely produced any failures of implants in the laboratory11 because tissue properties change in the time required to carry out such tests.11 Wilke et al. recommend that the total duration of the test be no more than 20 hours.29,43









Stability Testing


Stability (or rigidity) testing involves loading the construct to levels that do not result in an apparent failure of any of the components of the construct. Stiffness of the construct may be measured in terms of Newton per millimeter (N/mm) in force-displacement tests or Newton-meter/degree (N-m/deg)9 in cases of pure moment application and angular motion. Although instability has been used to define the inverse of stability, we recommend flexibility to determine a motion for an applied load. Flexibility is measured in mm/N or deg/N-m as the case may be. The stiffness protocol and flexibility protocol68 come under the umbrella term of stability testing, but the stiffness protocol entails application of one component of motion at a time to assess loads applied on the vertebra and other components of the FSU. The flexibility protocol involves applying one component of load at a time to determine intervertebral motions.









Hybrid Testing


A hybrid protocol was propounded by Panjabi31,69,70 as a part of stability testing in order to measure changes on the adjacent levels due to a surgical procedure. The protocol is a four-step procedure.






Presurgery


An intact segment is prepared for the measurement of parameters of interest, such as ligament strains, facet joint loads, or ROM, in response to applied pure unconstrained moments to the segment.









Postsurgery


Uninhibited pure moments are applied to the construct until the total ROM of the construct is equal to the ROM of the intact spine segment. This protocol allows testing for the assessment of adjacent level effects commonly observed in fusion surgical procedures.69 The argument used in support of this protocol is that, postsurgery, patients undertake the same day-to-day activities that they would carry out presurgery, thus actualizing the same range of motion.55












Load versus Displacement Control


Most cadaveric testing has been performed using load as the control variable, pure moments, in particular, because the magnitude of the bending moment does not vary as a function of the spinal level or even the state of the spine—be it intact, injured, or stabilized.9,71 However, Edwards et al.72 favor displacement-controlled testing of spinal segments under combined displacements because in vivo motion can be simulated accurately in the laboratory environment, whereas in vivo loads are unknown. The disadvantage of complex loading patterns in displacement-controlled testing, however, makes this method less straightforward. Also, comparison with simulated injuries and stabilizations is not possible. However, it may be beneficial to perform displacement-controlled testing after collection of basic load-displacement data from load-controlled testing.71












Additional Applications of Construct Testing


Although the overall methodology of testing remains the same as described earlier for animal specimens, the magnitude of parameters selected will change. Pre- and postsurgical biomechanical and histomorphometric analyses also have been performed on animal spine specimens ex vivo as a function of time in addition to characterization of biomechanical parameters.73 Spine specimens also are used to delineate the cyclic74 and viscoelastic behavior of young and old spines.75 Individual spinal components also may be tested to determine their characteristics, such as the load-displacement behavior of spinal ligaments or vertebral body strength (intact spine vs. one that has a fractured vertebra vs. one that has undergone surgery like kyphoplasty or vertebroplasty).40












Analogue Tissue Testing


Three main areas in which tissue engineering has gained some ground are the repair of nucleus pulposus (tissue-engineered or hydrogel-based), the repair of anulus fibrosus, and optimal scaffolding. Like the previous section on in vitro testing, this section also is discussed from the perspective of mechanical testing.


The three main categories of nucleus replacement devices are hydrogel-based, polymer-based, and mechanical. Several types of mechanical tests usually are carried out on these devices. Pure compression tests are performed to determine the compressive modulus for the device or the “apparent” modulus at a given load. Some studies report stress relaxation data.16,76 Displacement-controlled fatigue testing also is carried out for several million cycles.77-79 Disc height changes80 and typical viscoelastic parameters such as loss tangent, viscous modulus, and elastic modulus also are estimated in these studies.81 Testing is conducted while keeping the device either radially unconfined or confined in a constant-temperature bath filled with Hanks’ balanced salt solution or a phosphate-buffered solution.16,78 Cadaveric axial compression, extrusion tests, and regular loading in all three anatomic planes also are performed to test the integrity of the device. Failure load and strains are assessed from such tests.77,79 Although similar tests are carried out on anulus replacement devices, destructive tensile testing also is carried out to judge the tensile strength and elongation of the device.82


Scaffolds provide a stable structure for tissue growth. A scaffold is a 3D collagen matrix that allows cells (usually multi- or pluripotent stem cells) to attach, divide, proliferate, migrate, and differentiate into a specific phenotype.83 Certain growth factors may be necessary for these functions to take place while nutrient supply is maintained.81 Certain cell types have been found to be capable of detecting the stiffness of the surrounding substrate, and such sensitivity (mechanosensitivity) has been shown to affect mesenchymal stem cell differentiation.20 Chan and Leong20 stress the importance of understanding the impact of interfascial shear stress. Most tissue engineering work specific to the spine has been directed toward the goal of engineering an intervertebral disc in a laboratory setup. However, the challenge lies in fine-tuning the stiffness of the scaffolding for both the nucleus and the anulus replacement. Some of the key issues that still must be resolved include matching the complex in vivo tissue loading, porosity, nutrient supply, cell supply, viscosity and stiffness, and the state of disc degeneration of the native disc.14









In Silico Testing






Background


Computational and numeric methods have long been employed to assess the biomechanical behavior of biologic systems. Continuous development of powerful computing systems, in addition to improvement in the emerging computational packages in computer-aided engineering with enhanced modeling features, has enabled scientists to develop more rigorous models of biologic systems. These models are able to predict the behavior of these systems under different biologic conditions. The latest advances in medical imaging technologies have helped obtain better resolution of geometric and anthropometric specifications of individual organs in the human body. These images have helped to develop high-resolution and microscale computational models of the knee, hip, and spine.


One of the most applicable computational approaches used in biomechanical studies is finite element (FE) modeling. In this analytical technique, the object or system of interest is represented by a geometric model consisting of multiple, linked representations of discrete regions called elements. The material properties and governing relationships are assigned to these elements, and appropriate loads and boundary conditions are applied to the model to represent in vitro or in vivo conditions. The FE model is validated against available cadaveric or clinical data (such as those described earlier), and this validated model is used to measure important biomechanical parameters such as load and stress distribution across the various components under different static or dynamic loading patterns. It usually is not practical to determine these parameters experimentally; these experimentally validated models, therefore, complement the cadaver studies. Finite element models of individual spinal components such as the vertebra and disc also can be developed to study their behavior. Bench-type tests also can be simulated using the FE technique to help the designer with the development of the device.


Over the last few decades, FE analysis (FEA) has served well in studying the biomechanics of the spine in different physiologic circumstances such as growth, injuries, trauma, and surgical procedures. In these studies, the FE models of spine segments have predicted changes in biomechanical parameters such as load sharing, stress distribution, and segmental kinematics at sections of interest.









Model Development


FE models can be created in several ways. If a tissue or pathoanatomy is of significance, the current approach is to develop the model based on existing CT or MRI scans of the area. Figure 21-9 shows the steps that were taken to develop an FE model of the L3-S1 lumbar spine segment.84 First the CT and/or MRI scans of the subject’s lumbar spine were acquired. Transverse scans, usually taken at 1-mm intervals, were used to develop the geometry. A node grid was superimposed over each transverse image with appropriate node density to represent a precise geometry of the cross-section, specifically at the outer boundaries and interfaces. The grids were assembled to create a cloud of nodes that represented the 3D geometry of the entire section. Next, the nodes of each of the two adjacent sections were interconnected using 3D hexagonal (brick) elements to develop a solid structure. Facet joints were simulated using GAPUNI contact elements available in Abaqus (Simulia, Providence, RI). Rebar elements were used to mimic the anulus fibrosus component of intervertebral discs. Finally, the ligaments were simulated by 3D truss elements. After development of the geometry, an appropriate material property was assigned to each group of elements, representing associated structures in the spine such as vertebral bodies, capsular joints, intervertebral discs, and ligaments.84,85
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FIGURE 21-9. Steps in the development of a finite element model of a lumbar spine segment using CT scans.




The kinematics of this FE model was validated by comparing its segmental rotations with data obtained from an in vitro experiment under similar loading and boundary conditions. Other parameters such as center of rotation and intradiscal pressure (IDP) also were compared for further validation of the model.86 This validated FE model was used in several biomechanical studies for investigation of biomechanical changes in the spine (e.g., load distribution, kinematics, stresses, and strains) after simulation of surgical and implanted cases.84,87,88 Figure 21-10 shows FE models of C3-7 and L3-S1 spine segments that were developed using this technique.





[image: image]

FIGURE 21-10. Finite element model of C3-7 (top) and L3-S1 (bottom) spine segments. The models have the main physiologic features of the real spine, including bony structure, capsular joints, discs, and ligaments.


(Adapted from Sasa T, Yoshizumi Y, Imada K, et al: Cervical spondylolysis in a judo player: a case report and biomechanical analysis. Arch Orthop Trauma Surg 129[4]:559–567, 2009; and Pearcy MJ, Bogduk N: Instantaneous axes of rotation of the lumbar intervertebral joints. Spine [Phila Pa 1976] 13[9]:1033–1041, 1998.)





To make the predictions of a spine FE model relevant, the following considerations must be taken into account while developing the model:




• It is not practical to obtain a model with geometry that thoroughly matches that of the real spine, but the geometric model must be as close to the actual geometry as possible, specifically at the locations where the geometry may have a significant impact on biomechanical outputs. Contact definition, intervertebral discs, and angle of the articular facet joints are examples.


• Cancellous and cortical regions of the bone should be designated with appropriate thickness and material properties across the vertebrae.


• Each aspect of the model must be assigned a proper element type. For example, bony regions and discs usually are assigned hexagonal or tetragonal elements, whereas for ligaments, 3D truss or beam elements connecting two aspects of the model are suggested. Ligaments can be modeled as a bundle with appropriate cross-sections for each fiber. A no-compression behavior should be assigned to each such fiber to ensure that only tensile loads are allowed.


• The intervertebral disc should be modeled as a nonhomogenous composite structure including an amorphous matrix reinforced by collagenous fibers. Proper element types should be used for each area of the disc. For example, the nucleus can be modeled with noncompressible fluid elements. On the other hand, the anulus may be modeled with solid, elastic elements that are assigned mechanical properties and volume fraction. These elements, at appropriate angles, represent the radial variation of the collagenous fibers. It may be necessary to change element types to model a degenerated disc.


• A proper contact profile assignment is required at the articulating surfaces of the facet joints.


• In case a nonstatic simulation, such as dynamic loading, impact, long-term creep, or wear, is of interest, the time-dependent behavior of elements, materials, contact profile, and boundary conditions must be input into the model prior to any simulation run.


• The loads and boundary conditions also must be defined correctly. For example, to simulate physiologic loading such as flexion-extension, left-right bending, and left-right axial rotation, the most caudal section of the model (e.g., S1) should be fixed in all degrees of freedom, and pure bending moments should be applied to the most cephalad vertebra (e.g., L3). To simulate the upper body weight, a follower load may be applied to the spine using actuator-type connector elements. These elements can be activated through each loading step to apply any compressive force across segments.49,86












In Silico Study


Figure 21-11 shows the FE spine that was modified to simulate the implantation of a novel 360-degree motion preservation system at the L4-5 segment.88,89 FEA was performed to investigate whether this motion preservation system would be able to regenerate the kinematics of the intact spine. The 360-degree system included a pair of posterior dynamic stabilizers (PDS) matched with dorsal discs. The surgical procedure for placement of the implants required removal of the entire nucleus and partial anulus, total bilateral facetectomy, and removal of dorsal longitudinal ligaments. Surgery was simulated by removal of associated elements at each section. After placement of the implants, sliding contacts were defined between implant components while rigid fixations were simulated at the interface of bone with pedicle screws and discs. Both intact and implanted models were subjected to the same boundary conditions and loading profiles, including a 10-Nm bending moment plus a 400-N follower load. The kinematic results predicted by the model showed that in most loading conditions (except in axial rotation), the implanted segment had motion close to that of an intact segment (see Fig. 21-11).
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FIGURE 21-11. Finite element model of L3-S1 spine implanted with a posterior dynamic stabilization (PDS) and disc system at L4-5.




The extension-to-flexion center of rotation (COR) remained close to intact after replacement of the 360-degree system, which indicates that the quality of motion also was preserved after implantation (Fig. 21-12). Both CORs were found to be within the in vivo range.
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FIGURE 21-12. Segmental motion and extension-to-flexion center of rotation at index level of finite element (FE) model of the lumbar spine before and after replacement of posterior dynamic stabilization (PDS) and disc system.


(Adapted and modified from Kiapour A, Goel VK: Biomechanics of a novel lumbar total motion segment preservation system: a computational and in vitro study. BONEZONE Fall 2009, pp 86–90.)





The stress distribution contour and maximum von Mises stress at PDS and disc are shown in Figure 21-13. The maximum stress ranged from 69 MPa to approximately 146 MPa in PDS and 166 to 244 MPa in discs.
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FIGURE 21-13. Stress distribution and maximum von Mises stress values at components of posterior motion preservation (disc and PDS) during different loadings. MPa, megapascal; PDS, posterior dynamic stabilization.














Clinical Objective


Decisions on the type and length of specimen, types of tests and protocols, types of statistical analysis, and finite element analysis, among other variables, are made keeping in mind the clinical objective. Some of these decisions may have to be made within the existing standards and requirements of the FDA.39 In vitro tests may have different clinical objectives. For example, they may be done to (1) perform a comparative study with an existing standard or to evaluate the performance of a device by measuring relevant parameters, (2) quantify a clinical or surgical procedure using existing or novel parameters using existing or novel protocols relevant to its eventual application, or (3) quantify physiologic data, for example, biocompatibility of a new device, disc height postmortem,42 and spinal curvature in a given pathology, among several other parameters.13









Summary


With emerging standards, rapid progress in the device market, an aging population, and continued growth in the areas of tissue engineering and computational efficiency, testing of spinal implants not only will remain an important step in the path90 along which a device makes its way to the clinic but also will have a larger role to play. A strong relationship among tissue engineers, clinicians, the finite element analysis community, and mechanical testing experts will be crucial in meeting the challenges of the future. We believe that the spine biomechanics community will benefit greatly by agreeing upon a standard phantom spine made from nondecomposable materials.61,91-93 Using such a specimen, research groups may document accuracies of their loading methods and measurement systems, making a reasonable comparison of results possible. This approach may also be suitable for the training of students, residents, and fellows.


This chapter has provided an overview of the test protocol–related practices in the area of spine biomechanics. Interested readers may find other reviews of interest, particularly those by Goel et al.,24,31,39 Wilke et al.,29 and Panjabi et al.9,10,32,94 Literature reviews of protocols in the context of specific devices 24,95 also have been published.
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Chapter 22 Computational Modeling of the Spine
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An anatomic experimental approach has been the gold standard for the biomechanical evaluation of spinal structures. In vitro biomechanical investigations commonly use cadavers, animal carcasses, or synthetic models. Among these options, cadaveric investigations produce the most reliable and realistic results. However, despite its high clinical relevance, fresh-frozen cadaveric spinal specimens may be very expensive (>$1000 in the United States) or difficult to acquire. Animal models such as calves, sheep, and pigs, on the other hand, are relatively inexpensive (~$100). Animal models offer two main advantages. First, bovine, ovine, and porcine spine models exhibit gross anatomic structures (e.g., facets, processes, ligaments) similar to those of the human spine, which permits the convenient application of the instrumentation used in surgery. Secondly, between-subject variability is minimal with animal models, which reduces the statistical sample size demand. Synthetic models usually involve polyurethane foam surrogates, which are available in any density and geometry, ranging from blocks to any anatomic shape. They are quite inexpensive (<$100). In addition, synthetic models can be produced homogeneously, presenting little or no interspecimen or intraspecimen variation. Although synthetic models can represent the human anatomy better than animal models, and have less specimen-related variability, they are considered the least clinically relevant models because they cannot match the material properties of the natural bone.


Some investigators, facing the shortcomings of all of these approaches, turn to computational techniques. With the recent advances in computer and imaging technologies, finite element models of spinal segments or vertebrae can be developed and validated rapidly and inexpensively. Finite element analysis, a mathematical method performed by fictively dividing structures into simpler substructures such as triangles or cubes, can determine the stress or strain response of complex structures under imposed conditions by performing calculations on the simpler substructures. Once the anatomic model is introduced into the finite element analysis software, kinetic and kinematic analyses, as well as thermal, flow, and time-related problems, can be solved.


Computational techniques, especially finite element analysis, have provided substantial help for researchers in the area of musculoskeletal biomechanics for decades. The reduced costs and time (in most cases) and the ability to simulate sophisticated loading conditions and vary certain parameters (such as treatment strategies) in a perfectly controlled analysis environment are the major advantages of finite element analysis. Finite element modeling will become much more pervasive with developments in the hardware and software technology that provide the ability to build complex and comprehensive models that truly reconstruct real-life structures and conditions of the spine.


In this chapter, common finite element modeling procedures (i.e., obtaining three-dimensional [3D] models of spinal segments, determining structural and material properties, and assigning contact, loads, and boundary conditions) and some biomechanical applications are discussed.






Finite Element Models


Even though the finite element method has been applied to structural engineering problems since the 1950s, it was first applied to the biomechanics of the spine in the 1970s.1,2 With improvements in numerical techniques and computer technology, its use in the field has gained momentum and it has become an integral part of spine biomechanics that is viewed as a complementary and insightful analysis (Fig. 22-1).





[image: image]

FIGURE 22-1 A typical finite element model of the lumbosacral spine. Material property differences among the spinal elements are depicted by various colors. Ligaments are demonstrated with links (red). For the flexibility test simulation, loads typically are applied at the L1 superior end plate while the S1 inferior surface is held steady.








Modeling of Spinal Elements


Finite element modeling of spine segments or vertebrae, similar to other engineering solutions, involves the transfer of the physical sample into the 3D reconstructed form in the computer environment, assignment of structural and material properties, definition of contact properties, and application of loads and boundary conditions. Although the finite element modeling procedure is essentially the same in most of the studies, many different techniques and properties are used in these steps.






Three-Dimensional Reconstruction and Structural Modeling


In the finite element method, geometric accuracy of the model has a significant effect on problem solving and can cause marked differences in the results.


Several methods have been commonly used to model spinal units, including touch probe digitizer,3 laser scanner,4 CT,5 and MRI.6 Even though precise, highly accurate geometric models can be obtained using the touch probe digitizer and laser scanner methods, noninvasive techniques such as CT and MRI often are preferred because of their ability to retrieve data on internal features of the specimens—and even from live subjects—with ease. Some techniques also combine some of the methods mentioned earlier for the reconstruction of spinal units.7


In thorough finite element models, vertebral bodies usually are modeled in several sections, as cortical shell, cancellous core, dorsal bony elements, bony end plates, and cartilage layers, due to their unique material properties.5,7,8


In almost all studies, intervertebral discs are formed by three significant parts: the nucleus pulposus, the anulus fibrosus, and the cartilaginous end plates. The anulus is further divided into subcomponents such as ground substance and anulus fibers. Anulus ground substance is modeled as several layers surrounding the nucleus. The anulus fibers are angled 30 degrees and 150 degrees with respect to the transverse plane in adjacent layers.9,10 Some studies have used more realistic approaches in the design of these fibers by considering the increase in fiber angle from ventral to dorsal, and also fiber angle variation between anulus layers5,11 motivated by the histologic findings.12,13


After a solid model of the spine is built, each of its components is carefully divided into simpler substructures called “elements” for mathematical calculation purposes. Generally, hard tissues such as cortical shell, trabecular core, and dorsal elements are composed of tetrahedral (pyramid) and pentahedron (wedge) elements.14,15 With soft tissues, such as the anulus ground substance or cartilage layers, it is necessary to use hexahedral (rectangular prism) elements due to low-elasticity modulus and high Poisson ratio properties. In most studies, bilinear link or spring elements (cables), which are only capable of sustaining tension, are employed for ligaments and anulus fibers.5, 9-11









Material Definition


Material definition is one of the most sensitive and intrinsic parts of finite element modeling of the spine. Due to variability within and among test specimens, different researchers have defined many material properties for the different components the spine.






Vertebral Bodies, End Plates, and Facet Cartilages


Even though bone is a poroelastic, anisotropic, and viscoelastic structure, in reality,16 vertebral cortical shell and cancellous bone usually are considered as linear elastic isotropic or transversely isotropic. Dorsal bony elements most commonly are modeled as linear elastic and isotropic (Tables 22-1 to 22-3). Researchers have either neglected the end plate due to its low elasticity module or modeled it as a composite structure (i.e., bony and cartilaginous layers). End plates most commonly were modeled as linear elastic and isotropic bone with a cartilaginous layer (Table 22-4). Cartilage layers also are added to the facets in most modeling paradigms (Table 22-5).




TABLE 22-1 Material Properties Considered for the Cortical Shell
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TABLE 22-2 Material Properties Considered for the Trabecular Core
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TABLE 22-3 Material Properties Considered for the Posterior Elements
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TABLE 22-4 Material Properties Considered for the End Plates
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TABLE 22-5 Material Properties Considered for the Facet Cartilage Layers
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Intervertebral Disc: Anulus Fibrosus and Nucleus Pulposus


The intervertebral disc plays a crucial role in the movement and load-bearing functions of the spinal segments. It probably is the most intricate part of the functional spinal unit (i.e., vertebra-disc-vertebra complex) in finite element modeling, due to the composite structure of the anulus fibrosus and fluid-like behavior of the nucleus pulposus. The anulus fibrosus is formed by a matrix, anulus ground substance, and direction-dependent fibers. Even though there are a few homogeneous models for the anulus fibrosus, more realistic composite models that include matrix and angled fibers have been widely accepted and used (Tables 22-6 to 22-8). Anulus fibers are most commonly modeled with bilinear link, truss, or spring elements, and, in a few cases, with reinforced membrane elements. The material modeling of fibers is almost independent of the modeling technique.




TABLE 22-6 Material Properties Considered for the Nucleus Pulposus
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TABLE 22-7 Material Properties Considered for the Anulus Ground Substance
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TABLE 22-8 Material Properties Considered for the Anulus Fibers
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Ligaments


Ligaments are uniaxial structures that do not bear compressive loads. Like the anulus fibers, ligaments are modeled with link, truss, spring, or membrane elements. In general, it is assumed that linear, multilinear, or nonlinear elastic constitutive laws apply for these tissues (Table 22-9).




TABLE 22-9 Material Properties Considered for Ligaments in the Literature
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Articular Facet Joints


The facet joint plays an important role in load bearing and restriction of motion in segmental movements. It functions in tandem with the intervertebral disc in load transfer between adjacent vertebral bodies.17,18 The articulating structure must be modeled with realistic attributes and proper procedures in computational modeling of spinal segments because it has a significant effect on the quality and quantity of the motion. The articulation characteristics and relative motion depend on many factors, including cartilage layers, gap distance, the condition of the intervertebral disc, loading type, and geometric features of the articulating surface.


Kumaresan et al.19 compared different techniques for modeling of cervical facet joints. They reconstructed the joint capsule using four different methods: slide-line, contact plane, hyperelastic, and fluid models. The slide-line and contact plane models lacked the synovial fluid and synovial membrane. In the slide-line model, interaction was defined by using slide-line elements (gap elements), whereas in the contact plane model it was achieved by defining a contact plane between the cartilage surfaces. A friction coefficient of 0.01 was assigned for both models. The other models, hyperelastic and fluid, did not have elements for contact modeling; instead, they included synovial fluid between the cartilage layers modeled using noncompressible hyperelastic solid elements and hydrostatic noncompressible fluid elements, respectively. They concluded that fluid modeling of the facet joint matched both actual facet joint anatomy and its function better than the other three models. Similarly, Wheeldon et al.20 used full anatomic parts, such as facet joint cartilage, facet joint synovial fluid, and facet joint membrane, for modeling of the articular facet joints.


Shirazi-Adl et al.17,18 viewed the articulation process as a general moving contact problem and assigned 1 mm for the initial gap between the articulating surfaces. Guan et al.7,21 used 3D surface-to-surface contact to simulate the articulation phenomenon and assigned the initial gap between the surfaces according to CT images. Three-dimensional eight-noded compression-only gap elements were used to simulate the articulation between the facets in a study by Goel et al.22 Based on the CT images, they assigned the value of 0.45 mm for the initial gap between the surfaces.


The facet joints also are modeled with 3D gap contact elements with cartilage layers modeled using a parameter of “softened contact,” which exponentially adjusts force transfer between facet surfaces, according to the size of the gap.9,23-27 An initial gap of 0.5 mm was assigned, and at full closure, the joint was assumed to have the same stiffness as the surrounding bone material.


Schmidt et al.28,29 modeled the facet joints as nonlinear, with frictionless contact. They assigned the value of 0.6 mm for the initial gap between the cartilage layers. In other studies,30,31 the facet joints were simulated using frictionless surface-to-surface contact elements in combination with the penalty algorithm with a normal contact stiffness of 200 N/mm, and the initial gap between the cartilage layers assumed to be 0.4 mm.


Some researchers viewed the facet joints as a 3D contact problem with friction.8,32-34 To allow random motion of the surfaces, such as separation, sliding, and rotation, they defined a finite sliding interaction. For the friction characteristic, they chose a classic isotropic Coulomb friction model and assigned a relatively high friction coefficient of 0.1 as a worst-case scenario.


Lu et al.35 modeled the facet joints using sliding contact elements and assumed the contact pressure to be between 0 and 5000 megapascals (MPa), depending on the gap size. Pressure has been considered to be 0 MPa at a gap size of 0.5 mm and 5000 MPa when the gap is closed completely.












Loads and Boundary Conditions


Application of loads and boundary conditions varies according to the aim of the study. Generally, loading types used in the computational analysis of the spine are simple static or incrementally altering quasistatic loads. In general, the inferior end plate of the lowest vertebra is fixed rigidly, and loads (or displacements) are applied to the superior end plate of the uppermost vertebral body.
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Do you consider a dural tar that s successfully

repaired during surgery and that has no adverse

sequelac to b complication of surgery?

Yes43%  NoS7%

Do you consider this same dural tcar to be

complication ofsurgeryif (check al that apply):

a. Itis associated with 2 daysofsevre posiional
headaches 74%

b. s asociated with CSF e throgh the wonnd and
e hanbar drinage 0 manage sccessfully 96%

. It requires reoperation to manage 96%

i

10.

Do you consider pedicle serew fracture at 6 months

following surgery to be a complication if (check all

that apply):

a. Itis asympromaticand asociated with  soe fusiom 24%

b. s ompomasic and ascied it paihoss

%

. Itis asoiated withpersisten back pain and  soid
fusion 38%.

4. Itis associated with persistnt back pain and a
pseudanthoss 86%

. None of he abwee 13%

cervical discectomy wit ko, do you conider

a preudarthrosis (without excesive mov

flexion/extension x-rays) to be a complication i

(check allthat apply):

a. Itis asympromatic 24%

b. It associated with neck pain 80%

. Itis associated with radiculr pain 80%

d. None 15%

. One year following a fusion and the placement of
for an unstable LI fracture:

Do you consider his a complication if check all

that apply):

a. You succesfully mang thepain with an exercise
progeam 12%

b. Narcoic analgesics are requived 1 manage the i 30%

. The pain s managed successully by sugical emoval of
the spnal implan: 40%

4 None 52%

1 we as surgeons could more accurately define what
s complication (check all that apply):
the qualiy of or pracices be imroved”
Yes63%  No2$%  Norespomse9%
b. Wonld medial reporting i the leraure b en
YesO2%  No6%  Nomesponse 2%
. Wonld quaic assrance be enhanced?
Yes76%  Nol4%  Norsponse 10%
d. W the medio-legalcimace be:
Worened  Improved  Nocffect No
% 3% 20%  respomse 4%
.. Andif we couldsimiancorsly sandardie which
complications were the resuls of eglgence, would the
‘medico-egal cimate be:
Worened 20%  Improved 50%  No efect23%
Noresponse 7%
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From Boos N, Welssbach S, Rohrbach H, et al:
science. Soine (Phila Pa 1976) 27:2631. 2002.

Cellularity

Increase in chondrocyte
density

Increase in decayed cells

Substantial increase
chondrocyte density

Substantial increase in
decayed cells

Complete loss of all
notochordal calls

Substantial increase in
chondrocyte cell death
and proliferation

Cell density continues to
increase

Huge clones of hypertro-
‘phic chondrocytes near
damaged areas

“Bumed-out” appearance:
all tissue resembles
scar tissue

Nucleus Pulposus.

Slight mucoid
‘degeneration present

cleft formation
present

Increasing granular
changes

Increasing clefts and
tears present

Increasing granular
changes.

Increasing clefts and
tears present

Increasing granular
changes

Mucoid degeneration

Huge clefts and tears
filled with granular
material

“Burned-out” appear-
ance: all tissue
resembles scar tissue

Anulus Fibrosus.
No significant changes

No significant changes

Afew rim lesions first
appear

Afew rim lesions with
‘edge neovascularity
present

Large tears and edge
neovascularity
predominate

“Burned-out”
appearance: all tissue
resembles scar tissue

End Plate

Increased cell density and
cartilage disorganization

Complets loss of end plate
blood vessels.

Cell density and cartilage
disorganization continue to
increase

Cartilage cracks first appear
Cartilage cracks frequent

Microfractures in the adjacent
‘subchondral bone and new.

bone formation present

Previous changes occur
‘with increasing frequency:
cartilage cracks, microfrac-
tures, and new subchondral
bone formation

Microfractures and subchon-
dral bone sclerosis present

Scar formation present

New bone and cartilage disor-
‘ganization predominate

fassification of age-related changes i lumbar intervertebral discs. 2002 Volvo Award in basic
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ASTM F2423-11: Standard Guide for
Functional, Kinematic, and Wear Assessment
of Total Disc Prostheses

ASTM F2346-05: Standard Test Methods for
‘Static and Dynamic Characterization of Spinal
Artificial Discs

1S0 12189:2008: Implants for surgery—Mechani.
cal testing of implantable spinal devices —
Fatigue test method for spinal implant
assemblies using an anterior support

10 18192-1:2011: Implants for surgery—Wear
of total intervertebral spinal disc prostheses—
Part 1: Loading and displacement parameters
for wear testing and corresponding environ-
mental conditions for test

ASTM WK33006: New Guide for Impingement
Testing of Lumbar Total Disc Prosthesis

ASTM F2788-10: Standard Guide for Mechani-
cal and Functional Characterization of
Nucleus Devices

ASTM F1582-03; Standard Terminology
Relating to Spinal Implants.

Approved
2011

Approved
2005

Approved
2008

Approved
2011

Draft

Approved
2010

Reapproved
2003

Artificial
discs.

Artificial
iscs

Artificial
discs

Artificial
discs.

Nucleus
replace-
ments

General
spinal
device
testing

‘Testing methods for the assessment of wear or
‘functional characteristics, o both, for total
disc prostheses (lumbar and cervical)

Testing methods for static and dynamic testing
of artificial discs under compression, compres-
sive shear, and torsion

Methods for fatigue testing of spinal implant
‘assemblies (for fusion or motion preservation
devices) using an anterior support; provides
a framework for evaluating the intrinsic static
and dynamic strength of spinal implants

Test guidelines for relative angular movement
between articulating components; specifies
the pattern of the applied force, speed, and
duration of testing, sample configuration, and
testing environment to be used for the wear
testing of disc prostheses

Procedures for static and dynamic behavior of
total disc replacements under worst case load-
ing scenarios that can result in impingement
damage

‘Guidalines on the methodology for testing of
Various forms of nucleus replacement and
nucleus augmentation devices

Basic terms and considerations for spinal
implant devices and their mechanical analyses

ASTM, American Society for Testing and Materials; 1SO, International Organization for Standrdization.
*Some of these are currently approved and others are under revision.
ik s avillatid ot AT Jo v el iaridands::
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Autograft

Ultraporous B-TCP + BMA

Surgically harvest bone
from iliac crest

Harvest

‘Transdermally harvest BMA
from iiac crest or sternum

¥

Morsellize harvested bone

!

Pack autograft into bone void

1

Fibrin clotting within graft

2

Anoxic cell death, especially in
center of gratt, due to absence
of vascularization and high
density of packed graft

2

In-migration of host cells with
gradual revascularization

Cell-mediated bone growth and
resorption of implanted bone

Implantation

Initial
response

Cell

response

Repopulation

Remodeling

¥

Mix aspirate with porous
synthetic scaffold

2

Place or pack porous
synthetic + BMA in void

L2

Perusion of highly porous
scaffold with body fluids

Extensive vascularization
allows improved cell vabilty

In-migration of host cells in
additon to expanded BMIA cells
‘and gradual revascularization

¥

Cell-mediated bone growth
and resorption of porous
synthetic scaffold

N

Healing of
bone defect






OEBPS/OEBPS/images/B9781437705874000036_f03-14-9781437705874.jpg





OEBPS/OEBPS/images/B9781437705874000139_f13-04-9781437705874.jpg





OEBPS/OEBPS/images/B9781437705874000012_f01-20ab-9781437705874.jpg





OEBPS/OEBPS/images/B978143770587400005X_f05-03ab-9781437705874.jpg
Posterior  Posterior  Vertebral

tubercle  arch foramen
Transverse
foramen.
Transverse
process.

Sricur ¢ Lo
surface of | e
ateral mass. Attcular
for occipital facet for
condyle) dens

Anlenov Amenai
A arch  tubercle

Posterior Vertebral
tubercle  foramen

Transverse
foramen =
Tansverse
process. >
Inferior X . |
artcular J

surface of )
ateral mass. Articular
(for axis. surface
articulation) for dens

Antérior  Anterior
B arch  tubercle

e





OEBPS/OEBPS/images/B9781437705874000127_f12-01-9781437705874.jpg





OEBPS/OEBPS/images/B9781437705874000036_f03-16-9781437705874.jpg





OEBPS/OEBPS/images/B9781437705874000085_f08-05-9781437705874.jpg





OEBPS/OEBPS/images/B9781437705874000012_f01-04-9781437705874.jpg





OEBPS/OEBPS/images/B9781437705874000073_f07-06ab-9781437705874.jpg





OEBPS/OEBPS/images/B9781437705874000073_f07-03ab-9781437705874.jpg





OEBPS/OEBPS/images/B9781437705874000218_t0010.jpg
Standard or Guide Status Focus Use

ASTM F1798-08: Standard Guide for Evaluating  Reapproved Fusion Procedures for measuring the uniaxial static and
the Static and Fatigue Properties of Intercon- 2008 devices fatigue strength, and resistance to loosen-
nection Mechanisms and Subassemblies ing of components used as interconnecting
Used in Spinal Arthrodesis Implants mechanisms of spinal fusion implants

ASTM F2706-08: Standard Test Methods for  Approved  Fusion Methods for static and fatigue testing of
‘Ocipital-Cervical and Oceipital-Cervical- 2008 devices occipital-cervical and occipital-cervical-
‘Thoracic Spinal Implant Constructs in a thoracic spinal implants and assemblies in a
Vertebrectomy Model Vertebrectomy model

ASTM F2193-07: Standard Specifications Reapproved  Fusion Methods for static and fatigue testing of compo-
and Test Methods for Components Used in 2007 devices nents of devices used in fixation
the Surgical Fixation of the Spinal Skeletal
System

ASTM F1717-11; Standard Test Methods for Reapproved  Fusion Methods for static and fatigue testing of con-
‘Spinal Implant Constructs in a Vertebrectomy 2011 devices structs with focus on the assessment of short-
Model term stability while fusion takes place

ASTM F2077-11: Test Methods for Inter- Approved  Fusion ‘Guidelines for static strength and fatigue testing
Vertebral Body Fusion Devices 2011 devices of interbody devices under axial compression,

compressive shear, and torsion

ASTM F2267-04: Standard Test Method for Approved  Fusion Testing methods for axial compressive sub-
Measuring Load-Induced Subsidence of an 2004 devices sidence of nonbiologic fusion devices and
Intervertebral Body Fusion Device under implants designed to promote arthrodesis ata
Static Axial Compression given spinal level in a motion segment

ASTM F2790-10: Standard Practice for Static ~ Approved  Total facet  Guidelines for the static and dynamic testing of
and Dynamic Characterization of Motion- 2010 prostheses  lumbar total acet prostheses
Preserving Lumbar Total Facet Prostheses

ASTM F2694-07: Standard Practice for Approved  Motion- ‘Guidelines for the functional, kinematic, and
Functional and Wear Evaluation of Motion- 2007 preserving  wear testing of motion-preserving total facet
Preserving Lumbar Total Facet Prostheses implants. prostheses for the lumbar spine

ASTM F2624-07: Standard Test Method for Approved  Motion- Testing guidelines for the static, dynamic, and
‘Static, Dynamic, and Wear Assessment 2007 preserving  wear testing of extra-discal motion-preserving
of Extra-Discal Spinal Motion-Preserving implants implants.

Implants
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Osteo-  Ostooin-  Osteocon-

Graft Material genesis  duction duction
Autograft 2 2 2
Allograft ) 1 2
Xenograft 0 ) 2
@-TCP 0 0 1
B-TCP (porous) 0 0 2
Hydroxyapatite 0 0 1
Injectable calcium 0 0 1

phosphate

cement (e.g.

Norian SRS')
BMA 3 2 0
B-TCP plus BMA 3 2 2
DBM 0 2 1
Collagen 0 ) 2
BMP 0 3 0
Hyaluronic acid o 0 0
Bioactive glasses 0 0 1
Degradable 0 0 1

polymers
Porous metals 0 0 1

-TCP, a-trcalcium phosphate; f-TCP, f-trcalcium phosphate; BMA,
bone martow aspirate; BMP, bone morphogenetic protein; DBM,
demineralized bone matrix; SRS, skeletal repair system.

*Score range 0 (none| to 3 (excellent).

'Synthes-Stratec, Oberdorf, Switzerland.

Data from references 24 45. 63 63, 70.
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Graft Material  Advantages Disadvantages Clinical Results*

Autograft ‘Osteogenic, osteoinductive, Procurement morbidity, 56-100%+
osteoconductive limited availability
Allograft Osteoconductive, weakly Immunogenic, disease 60-90%°2
osteoinductive’ transfer risk
DBEM Osteoconductive, osteoinductive  Lacks structural strength™  60%s5
Ceramics. Osteoconductive, limitiess Not osteogenic or osteoin-  Equivalent to autograft in scoliosis, but
supply, biocompatible ductive, expensive decreased complications®®e!
B-TCPIBMA Osteogenic, osteoinductive, R&D, commercialization ~ Not available
composite osteoconductive, limitiess costs
supply, biocompatible
Collagen Good delivery vehicle for other By itself, a poor graft mate-  Preclinical only
synthetic graft materials rial
‘Osteoconductive Foreign body reaction with  Preclinical only.
degradable polymers
BMP/synthetic  Osteogenic, osteoinductive, R&D, commercialization  Ongoing clinical studies using rBMP-2
composite osteoconductive, limitiess costs ‘combined with either ceramic or collagen
supply, biocompatible ‘sponge show results comparable to

autograft?

4D,

3-TCP, ptricalcium phosphate; BIMA, bone marrow aspirate; BMP, bone morphogenetic protein; DBV, demineralized bone matri
ressarch and development,

*Numeric clinical results are the overall incidence of vertebral body fusion in spine surgery, except for the entry for allograft, which represents
the dlinical, radiographic, and biologic assessments of massive osseous and osteochondral allograts as quoted in the cited eference.

Data from references 14. 25, 45, 60 64 71.
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Model ALL PLL LF m cL IsL. ssL References

Nonlinear Nonlinear Stress-Strain Curve
CSarea(mm?) 24491 144222 71775 412 361309 40492 30703 17,18,37,60
Linear

E [MPa] 20 70 50 50 20 28 2

v 03 03 03 03 03 03 03 8,34,35, 53,64
CSarea(mme) 38 20 60 10 40 365 25

ALL, anterior longitudinal ligament; CL, capsular ligament; CS, cross section; E [MPal, Young's modulus; ISL, interspinous ligament; ITL, inter-
‘transverse ligament: LF. ligamentum fiavum: PLL posterior longitudinal ligament: SSL supraspinous ligament: v Poisson ratio.
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