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Preface


The use of electricity for painful disorders is not new and has a long and varied history; however, after Melzack and Wall1 introduced the gate control theory of pain in 1965, it was not too far thereafter that medical innovators introduced modern day neuromodulatory techniques for the control of pain.2 Today, neuromodulation remains one of the fastest growing fields in modern medicine.3 Neuromodulation has the ability to help millions of people with varied disorders and diseases that include, but are not limited to, psychiatric disorders such as refractory depression, obsessive compulsive disorder or Tourette syndrome, disorders of movement such as epilepsy, Parkinson’s disease or dystonia, diseases of the heart such as angina or disorders of rhythm, autonomic diseases such as congestive heart failure or hypertension, a multitude of chronic painful disorders such as pain from failed back surgery syndrome, atypical face pain, tic douloureux, complex regional pain syndromes, diabetic neuropathy, migraines and many more, dysmotility disorders of the stomach and gut, painful and functional bladder disorders, etc.


In this first volume (Volume 1: Neurostimulation for the Treatment of Chronic Pain) of a series of volumes titled, Interventional and Neuromodulatory Techniques for Pain Management, Dr. Timothy Deer has put together some of the leading experts of the field to address neurostimulation techniques for the control of chronic painful disorders. This volume is quite extensive and authoritative and includes, to name only a few, chapters on the history of neurostimulation, an overview of spinal cord stimulation, peripheral nerve stimulation techniques, stimulation for spinal disorders, visceral pain syndromes, occipital headaches and angina pectoris and stimulation of the brain. This volume also includes procedural videos of spinal cord, peripheral nerve, and deep brain stimulation that can be viewed on the companion website at www.expertconsult.com.


It is my great honor as a student of neuromodulation to recommend this volume to all interested in neurostimulation. This volume should be of interest to medical students, physicians and nurses who treat chronic pain, neurosurgeons, neurologists, bioengineers, device manufacturers and their representatives, insurers and those who invest in devices to improve function in man.




Elliot S. Krames, MD, Medical Director, Pacific Pain Treatment Center, San Francisco, California
Past Editor in Chief of Neuromodulation: Technology at the Neural Interface, Journal of the International Neuromodulation Society
Past President, the International Neuromodulation Society









1 Melzack R, Wall PD: Pain mechanisms: a new theory. Science (150):971-979, 1965.


2 Shealy CN, Mortimer JT, Reswick JB: Electrical inhibition of pain by stimulation of the dorsal columns. Preliminary clinical report. Anesth Analg (Cleve) (46):489-491, 1967.


3 Krames ES, Peckham PH, Rezai AR, Aboelsaad F: What is neuromodulation? In Krames ES, Peckham PH, Rezai AR, editors: Neuromodulation, London, 2009, Academic Press.
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Section I


General Considerations










Chapter 1 History of Neurostimulation




Jeffrey T.B. Peterson







Chapter Overview


Chapter Synopsis: The history of neurostimulation for pain relief reaches back nearly 2000 years to Greece. As with many ancient remedies, healers made use of the natural physiology of an animal—in this case the electrical discharge from a torpedo fish. Since then electrical stimulation devices have come a long way, as has our understanding of the underlying mechanisms. History shows that physicians in Europe and the United States shepherded this development through the 18th and 19th centuries. Even Ben Franklin made a well intended although ill-fated foray into medical research with electrostimulation. The popularity of neurostimulation in the early 20th century seemed to reach its culmination with the advent of a colorfully named and widely used device called the Electreat, an early version of today’s more sophisticated transcutaneous electrical nerve stimulation (TENS) devices. With the establishment of Melzack and Wall’s gate control theory of pain in the 1960s, clinical neurostimulation underwent a more informed evolution. Norman Shealy’s contributions led to both scientific and technological advances. Eventually experiments revealed the efficacy of deep brain stimulation for relief of central pain and other conditions. Although an ancient practice, the benefits of neurostimulation have likely not yet been entirely revealed or appreciated.


Important Points:



[image: image] The first documented use of neurostimulation for pain relief occurred around 63 ad.



[image: image] The Leyden jar was one of the first methods of harnessing electrical current.



[image: image] The Melzack-Wall gate control theory was a defining event in the use of neurostimulation in modern medicine.



[image: image] Medtronic received Food and Drug Administration approval in the late 1960s to distribute devices for the treatment of pain.



[image: image] Ballard D. Wright13 described the use of the block-aid monitor in 1969 for nerve stimulation.



[image: image] In 1991 Tsubokawa10 made key advances in motor cortex stimulation for central pain control.
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Early Discoveries


The first documented use of neurostimulation for pain relief occurred in Greece around 63 ad. It was reported by Scribonius Largus that pain from gout was largely relieved by standing on a torpedo fish (Fig. 1-1), and recommended this treatment for pain in general. He said,





[image: image]

Fig. 1-1 Torpedo fish used for early treatment methods.







“For any type of gout, a live black torpedo should, when the pain begins, be placed under the feet. The patient must stand on a moist shore washed by the sea, and he should stay like this until the whole foot and leg up to the knee is numb. This takes away present pain and prevents pain from coming on if it has not already arisen. In this way Ateros, a freedman of Tiberius, was cured.”1





In 1771 Luigi Galvani, an Italian physician and physicist, discovered that the leg muscles of a frog twitched when electricity was applied, thereby effectively debuting the study of bioelectricity.2 Gilbert, a famous 17th century scientist, described the relationship of electromagnetism to pain symptom management on his discovery that a piece of magnetic iron ore could be used in the treatment of headaches, mental disorders, and marital infidelity.3


In the years following Gilbert’s work, a method of harnessing electrical current was invented that would allow for the development of modern therapies. This device was called the Leyden jar (Fig. 1-2). This device was constructed by placing water in a metal container and placing brass wire through a cork top into the water. In 1746, using a Leyden jar, Jean Jallabert discovered the ability to use electricity to stimulate muscle fibers. Jallabert treated a paralyzed limb by causing involuntary contractions leading to regeneration of muscle and increased blood flow.4 This success led many others in the field to pursue similar methods of treatment.





[image: image]

Fig. 1-2 The Leyden jar.




In 1756 Leopoldo Caldani observed that a Leyden jar could be discharged in the vicinity of a dissected frog’s leg and cause it to twitch. This discovery led many scientists to believe that application of electricity was in fact a “miracle cure” and that its use in stimulating the body had far-reaching application.5 The French physiologist d’Arsonval found that the application of high-frequency current (10,000 oscillations/sec) could reduce pain. In 1890 Hertz demonstrated that when he was able to achieve 1,000,000,000 oscillations/sec, tissue was not stimulated in a painful manner. This initial stimulation was at a low voltage. This was eventually increased by Hertz’s spark gap resonator, which allowed the use of a gap in the otherwise complete electrical circuit to discharge current at a prescribed voltage. This increase in voltage control, along with high frequency, led to successful treatment of arthritis, pain, and tumors. The developments of d’Arsonval and Hertz remain critical for modern-day stimulation programming platforms.


Between 1884 and 1886 Sir Victor Horsely introduced the first practical use of intraoperative neurostimulation. Horsley’s application of stimulation was used to identify a particular cortical area in a patient with epileptic foci.6









Benjamin Franklin


Ben Franklin is credited with being the first American to use neurostimulation. One of Franklin’s most important achievements was the discovery that electricity is an ever-present natural force. Franklin is also responsible for developing the theory of positive and negative charges. These discoveries and Franklin’s curiosity resulted in experiments that used high voltage stimulation, which unfortunately caused injury and burns to his test subjects. His report to the French Academy of Sciences in the late 1700s concluded that his experiments in neurostimulation were a failure.









Modern Medicine


By the early 1900s many devices, including transcutaneous electrical nerve stimulation (TENS) devices, similar to today’s TENS units, were available to treat all manner of pain conditions. The Electreat (Fig. 1-3), patented by Charles Willie Kent in 1919, sold as many as 250,000 units in 25 years. Most physicians’ offices had one of these devices, and used it to treat all manner of conditions, including baldness, gout, and rheumatic feet.





[image: image]

Fig. 1-3 The Electreat device.




The use of neurostimulation in modern medicine had its true beginning in the 1960s. In the 1965 Science article, “Pain Mechanisms: A New Theory,” Melzak and Wall proposed the gate control theory,7 which assisted in furthering the understanding of neurostimulation by describing the inhibitory and excitatory relationships in pain pathways (Fig. 1-4). Norman Shealy is credited with introducing the neurostimulation in true clinical practice when he and his research assistant developed a stimulating lead to work on the dorsal columns of the spinal cord.8 The lead consisted of a platinum electrode with positive and negative electrodes. It was used in the treatment of a terminally ill cancer patient, placed in the intrathecal space, and attached to an external cardiac electrical generator. Shealy referred to these devices as dorsal column stimulators; they were specifically intended for pain relief. Unfortunately, many serious complications were associated with these early devices, including compression of the spinal cord and spinal fluid leakage. These safety concerns led many to believe that this form of treatment was not a safe alternative to other noninvasive techniques; and, until the development of the extradural placement method, many were wary of its use.





[image: image]

Fig. 1-4 The Melzack-Wall gate control theory of pain.




By the late 1960s Medtronic obtained Food and Drug Administration approval to distribute these devices for the treatment of pain. Shealy, Mortimer, and Reswick8 advanced the technique to stimulate the epidural space with increasing success.









Deep Brain and Motor Cortex Stimulation


In 1973 Hosobuchi, Adams, and Rutkin9 discovered that these devices could be used in the deep brain to treat facial pain, effectively leading to the discovery of DBS for pain control. In 1991 Tsubokawa and colleagues10 reported that motor cortex stimulation alleviated pain of central origin. This landmark study introduced the theory and practice of motor cortex stimulation. After some early concerns, DBS was given approval for the treatment of movement disorders in Parkinson disease and dystonia. A number of clinical studies related to depression, obsessive-compulsive disorder, and brain injury are currently underway for deep brain and motor cortex stimulation.









Peripheral Nerve Stimulation


Nerve conduction theory was described in 1826 by Johannes P. Muller, and in 1912 von Perthes was the first to describe the technique of peripheral nerve stimulation to localize a particular nerve.11 In 1955 Pearson12 reported success in locating motor nerves by using a transformer, a vacuum tube stimulator, and an electrophrenic stimulator. In 1969 Ballard D. Wright13 described the usage of the block-aid monitor, a commercially available device, for successful peripheral nerve stimulation; it was one of the first published accounts of success. Wiener, Hassenbusch, Stanton-Hicks and other important research works have shown that devices could be successfully implanted around the peripheral nerve and create paresthesia in the innervation dermatome of the nerve. Older methods of device placement that required surgical dissection have been replaced with percutaneous placement, leading to improved patient satisfaction and patient safety. Many new devices and treatment indications are on the horizon for this type of stimulation.









Conclusion


Work by Shealy and others in the early development of neurostimulation has been followed by steady advances in both the clinical and technological aspects of pain management. The development of smaller implantable devices (Fig. 1-5), new lead arrays, battery technology, and programmable devices has advanced treatment options for a wider variety of patients. Studies regarding the clinical effectiveness of neurostimulation have further proven the effectiveness of this technology for treatment of multiple disease states. The future holds promise for additional indications and increased access to technology.





[image: image]

Fig. 1-5 Modern stimulation devices.
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Chapter 2 Mechanisms of Spinal Neuromodulation




Robert D. Foreman, Bengt Linderoth







Chapter Overview


Chapter Synopsis: Electrical stimulation of the spinal cord (SCS) improves many forms of neuropathic pain; but, contrary to our early understanding, it can also affect some forms of nonneuropathic nociception. Chapter 2 examines the physiology of these indications. The understanding of SCS is rooted in Melzack and Wall’s5 gate control theory of pain transmission. By spinal stimulation of large-fiber neurons, the gate is activated to reduce transmission of neuropathic pain signals from primary small-fiber afferents. The technique generally does not alleviate acute nociception, but it can reduce certain types of peripheral nociception and can even alleviate underlying conditions. SCS has been shown to affect ischemic limb pain caused by peripheral arterial occlusive disorder (PAOD), angina, and gastrointestinal disorders such as irritable bowel syndrome (IBS).


In addition to modulating pain signals, SCS affects target organs outside the nervous system. In PAOD two theories have been considered; both mechanisms are likely relevant. First, the sympathetic output to peripheral tissues is reduced by SCS, thus alleviating the resulting vasoconstriction. Second, antidromic stimulation of sensory fibers causes release of vasodilators in the periphery, thus alleviating the peripheral ischemia. SCS can also provide relief for intractable angina by inhibiting cardiac nociceptors and again helps to alleviate the underlying ischemia. SCS may result in redistribution of cardiac blood flow or modulation of oxygen demand in the heart. Animal experiments and clinical reports also confirm that SCS can be used to relieve pain originating in the gastrointestinal tract from a variety of conditions, including IBS and its associated somatic hypersensitivity.


Important Points:



[image: image] Transmission of nociceptive information from the site of an injury may generate a perception of pain because an imbalance exists between large and small fiber systems (cf. Head and Thompson1). This concept eventually evolved into Melzack and Wall’s5 gate control theory.



[image: image] The gate control theory was a critical catalyst in the development of various forms of neuromodulation for treating chronic forms of pain.



[image: image] Neuromodulation using electrical SCS depends on conductivity of the intraspinal elements relative to the position of the electrode. Electrical conductivity of the dorsal column is anisotropic.



[image: image] In several painful syndromes that are suitable candidates for SCS, the effect is mediated via stimulation-induced changes in other organ systems and not necessarily the result of an action onto the neural pain mechanisms per se.



[image: image] Ischemic painful conditions of the limbs commonly result from peripheral arterial occlusive diseases (PAODs). Antidromic activation of sensory fibers releasing vasodilators and suppression of sympathetic activity are two mechanisms activated by SCS that may be involved in reduction and prevention of ischemic pain and in cytoprotection. The effect of SCS in vasospastic pain is even more dramatic.



[image: image] SCS has been used to treat therapy-resistant angina pectoris since the mid-eighties by applying SCS at the T1-T2 or higher spinal segments in patients. SCS may not only relieve pain but also improve cardiac function.



[image: image] Clinical reports and animal studies suggest that SCS might be used to treat various functional bowel disorders.



[image: image] Neuropathic pain results primarily from the altered functional characteristics of multimodal wide–dynamic range (WDR) neurons. SCS reduces this pain most likely by reducing hypersensitization of these WDR spinal neurons, to affect other components of the spinal neural network through activation of multiple transmitter/receptor systems.



[image: image] Thus spinal neuromodulation acts on various pain syndromes through multiple pathways.



[image: image] Improved collaborations between basic scientists and clinicians will greatly hasten the transfer of basic research findings to the clinical setting.









Background


Therapeutic effects of neuromodulation are based on the concept that selective excitation of large afferent fibers activates mechanisms that control pain. This fits well with the idea that pain may occur as a result of an imbalance between large and small fiber systems that transmit nociceptive information from the site of injury. Previous investigators have provided a long history of support for this concept. As early as 1906 Head and Thompson1 argued that fine discrimination such as touch normally exerts an inhibitory influence on impulses transmitted in fibers mediating nociception, which results in pain. This inhibition or facilitation of sensory impulses has been proposed to occur in the dorsal horn before nociceptive information is relayed onto secondary neurons. Furthermore, clinical trials performed in the early sixties using sensory thalamic stimulation2,3 were based on the notion that activation of fine discrimination receptors (touch) exerted an inhibitory influence over sensations such as pain, pressure, heat, or cold. It should also be noted that Noordenbos4 used the descriptive phrase “fast blocks slow” to stress the inhibitory influence of fast on slow fibers.


The concept of excitation of large afferent fibers activating pain control mechanisms advanced very rapidly with the publication of the article proposing the gate control theory; it is one of the most cited papers in modern pain literature.5 In this article the authors suggested that the therapeutic implication of their model would be to selectively activate large fibers to control pain. Thus even though the basic idea underlying the gate control theory was not completely unknown, it was built on a foundation of creative experiments using modern electrophysiological techniques. The results of these experiments were clearly synthesized and discussed in a form that postulated a new conceptualization of pain and pain control. Subsequently, numerous studies were conducted to criticize the theory, but nevertheless its simplicity has provided a useful frame of reference to explain mechanisms of pain generation and pain control. As Dickenson6 pointed out in his editorial about the ability of the gate control theory of pain to stand the test of time, the concepts of convergence and modulation changed the focus from destructing pathways for relief of pain to controlling pain by modulation in which excitation is reduced and inhibition is increased. The gate control theory accelerated the pursuit of modern pain research to explore how the pervasive plasticity of the nervous system plays a critical role in the generation, maintenance, and modulation of pain.


The gate control theory served as a critical catalyst in the clinical arena to spawn the development of various forms of neuromodulation that led to new therapies. The insights gained by Shealy and his colleagues7 and Shealy, Mortimer, and Reswick8 in animal experiments led them to conduct the first human trials with electrical spinal cord stimulation (SCS) as one form of neuromodulation.8 Their experimental studies in conscious cats revealed that stimulating the dorsal aspect of the spinal cord blocked responses to nociceptive peripheral stimuli. On the basis of this study and support of the gate control theory, it was assumed that neuromodulation could be used to treat all forms of nociceptive pain. However, several reports pointed out that SCS is ineffective for treating acute nociceptive conditions in contrast to what was predicted from the gate control theory; but eventually it has become the foremost treatment for neuropathic pain originating from the periphery.9-13 Nevertheless, numerous reports appeared during the eighties to convince clinicians that SCS could also be used to alleviate certain types of nociceptive pain, including selected ischemic pain states such as peripheral arterial occlusive disease (PAOD), vasospastic conditions, and therapy-resistant angina pectoris. The mechanisms of action for SCS are slowly emerging as more solid evidence has revealed some of the underlying physiological mechanisms. Clinical observations coupled with important experimental data clearly demonstrate that SCS applied to different segments of the spinal cord elicits fundamentally different results on various target organs or parts of the body (Fig. 2-1).
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Fig. 2-1 Sites at different segments of the spinal cord where spinal cord stimulation induces functional changes in target organs.




The purpose of this chapter is to describe the organization of the spinal cord; explain the effects of electrical stimulation on the spinal cord; and discuss the underlying mechanisms activated by neuromodulation, specifically SCS, in ischemic pain, diseases of visceral organs, and neuropathic pain.









Organization and Electrical Properties of the Spinal Cord


The spinal cord is encased within the vertebral canal, which is made up of vertebrae that encircle the spinal cord but limit space for insertion of stimulating electrodes. The spinal cord in an adult human extends from the foramen magnum to the first or second lumbar vertebra and is divided into cervical, thoracic, lumbar, and sacral segments. The naming of the segments is based on the regions of the body innervated by the spinal cord. Examination of a cross section of the spinal cord shows that it is composed of gray matter and surrounded by white matter (Fig. 2-2).
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Fig. 2-2 Model (A) and schematic diagram (B) of the spinal cord. The model is an actual cross section of the spinal cord; the diagram is provided because it will be used in subsequent figures to provide the space to more effectively illustrate neural connections.




The gray matter is comprised of cell bodies with their dendrites and initial segment of the axon, microglia, and astrocytes. It is divided into a posterior horn, intermediate zone, and the ventral horn. The gray matter is further divided into laminae I to X; these divisions are based on the size, shape, and distribution of neurons located in these laminae.14 The input received by these neurons and the trajectory of the axons from them also help to characterize laminae. Neurons of dorsal and intermediate laminae (I to VII, X) generally receive sensory information originating from peripheral sensory receptors. These neurons integrate this information with input arriving from descending pathways. Some of the cell bodies have short axons and serve as interneurons, whereas others are the cells of origin of ascending sensory pathways. The interneurons may also participate in local reflexes. The ventral laminae (VIII, IX) are generally composed of motoneurons that form the motor nuclei.


The white matter is divided into the posterior, lateral, and anterior funiculi. These funiculi are composed of individual tracts. The posterior funiculi are generally referred to as the dorsal columns. The lateral funiculi contain ascending and descending pathways that transmit information between the spinal cord and the brain. The descending pathways are generally located in the posterolateral region of the lateral funiculi, and the ascending pathways primarily composed of the anterolateral system reside in the anterolateral funiculi. The anterolateral system includes the spinothalamic, spinoreticular, spinomedullary, spinoparabrachial, spinomesencephalic, and spinohypothalamic fibers. The ventral funiculi contain part of the anterolateral system and also pathways that transmit axial muscle control information.


The electrical properties, more specifically the electrical conductivity, of white and gray matter of the spinal cord are not homogeneous. For SCS it is important to know that the electrical conductivity of the dorsal column is anisotropic; that is, current can travel in the direction parallel to the axons more easily than in the direction perpendicular to axons.15 The electrical properties within the gray matter also vary because neurons and glia have diverse orientations, ubiquitous dimensions, and different dendritic characteristics.


Neuromodulation using electrical stimulation of the spinal cord depends on the conductivity of the intraspinal elements relative to the position of the electrode.16 If an axon is depolarized or made more electrically positive, it produces an action potential that is transmitted orthodromically and antidromically within the axon. The cathode of an external electrode must be negatively charged to generate the action potential in the axon. In contrast, if an axon is hyperpolarized or made more negatively charged, its ability to generate an action potential is reduced because the threshold for depolarization is increased. A positively charged external electrode or anode produces this effect. Thus the active electrode for electrical stimulation serves as the cathode, whereas the anode or positive electrode may serve as a shield to prevent stimulation of neuronal structures such as dorsal roots that might interfere with effective neuromodulation. For SCS the electrode most commonly is placed on the surface of the dura mater. Activation of the electrode releases electric current that is transmitted through the dura mater and the highly conductive cerebrospinal fluid (CSF) before it reaches the dorsal part of the spinal cord. The dura mater has low conductivity, but it is so thin that the current generally is not impeded significantly as it passes through the dura to the CSF. Furthermore, the vertebral bone has the lowest conductivity so it insulates pelvic structures and visceral organs from the electric field generated by SCS. Once the electric current reaches the spinal cord, several factors may determine the neural structure being stimulated. Jan Holsheimer16 has used computerized models of the spinal cord to study the activation of axons by electrical current. In addition to the fiber diameter, the presence of myelination, and the depth of CSF layer surrounding the cord at the level of an electrode, the axon orientation has important implications for activation thresholds. In general, axons of the dorsal columns have higher activation thresholds than fibers such as the dorsal roots that are oriented laterally or angle as they enter the spinal cord.16


The dorsal column is composed primarily of large-diameter afferent nerve fibers with relatively low thresholds for recruitment when cathodal electrical pulses are generated through the epidural electrode that is attached to a spinal cord stimulator. It is important to note that the electrode for SCS needs to be placed near midline to prevent the activation of dorsal root fibers.17 Stimulation amplitudes are then increased to intensities that recruit large fibers to produce action potentials and produce paresthesias. These action potentials are transmitted orthodromically and antidromically in these axons. The action potentials transmitted antidromically reach the collateral processes that penetrate the gray matter of the spinal cord. Their activation causes the release of transmitters, which activates the “gate.” Activation of the gate sets in motion neural mechanisms that reduce pain and improve organ function. The details of these mechanisms are discussed in subsequent paragraphs.






Neuromodulation Mechanisms in Ischemic Pain


Ischemic painful conditions of the limbs commonly results from PAOD, which is caused by obstruction of blood flow into an arterial tree.18 PAOD is a major cause of disability and loss of work and affects the quality of life.19,20 Morbidity and mortality are relatively high because effective treatments are very limited. Presently SCS is usually implemented only after vascular surgery and medications fail to slow or prevent the progression of PAOD. Surprisingly the success rate of SCS-treated PAOD is greater than 70%.21 Since ischemic pain is characterized generally as essentially nociceptive and several studies have indicated that SCS does not alleviate acute nociceptive pain,9,22,23 SCS-induced pain relief is most likely secondary to attenuation of tissue ischemia that occurs as a result of either increasing/redistributing blood flow to the ischemic area or decreasing tissue oxygen demand.24,25 Cook and associates26 were the first to report that SCS increased peripheral circulation of patients suffering from PAOD. Usually SCS is applied to the dorsal columns of lower thoracic (T10-T12) and higher lumbar spinal segments (L1-L2) to increase peripheral circulation in the legs of PAOD patients.


The mechanisms of SCS-induced vasodilation in the lower limbs and feet are not yet completely understood. Since no animal models of PAOD that generate ischemic pain have emerged, normal anesthetized animal models have been used to investigate the physiologic mechanisms of SCS-induced changes in peripheral blood flow (see reference 23 for review). Cutaneous blood flow and calculated vascular resistance in the glabrous skin of ipsilateral and contralateral hindpaws have been determined most commonly by using laser Doppler flowmetry. A thermistor probe placed next to the laser Doppler probe on the plantar aspect of the foot has been used to measure skin temperature. Various interventions such as injections of hexamethonium, administration of adrenergic agonists and antagonists, sympathetic denervation, dorsal rhizotomies, calcitonin gene-related peptide (CGRP) antagonists, nitric oxide synthetase inhibitors, and local paw cooling have been used to explore the underlying mechanisms of peripheral microcirculation. Studies using Doppler flowmetry and interventions for more than 30 years of clinical and basic science studies have resulted in the evolution of two theories to explain the mechanisms of SCS-induced vasodilation. One theory is that SCS decreases sympathetic outflow and reduces the constriction of arterial vessels27,28; the alternative theory is that SCS antidromically activates sensory fibers, which causes the release of vasodilators29, 30 (Fig. 2-3). The theory for SCS-induced suppression of sympathetic activity was based on results from clinical observations showing that a sympathetic block or sympathectomy produced pain relief and vasodilation imitated effects of treatment with SCS.31,32 This theory was tested in animal models in which SCS-induced cutaneous vasodilation in the rat hindpaw at 66% of motor threshold was abolished by complete surgical sympathectomy.33 SCS-induced vasodilation was markedly attenuated after administrating the ganglionic blocker, hexamethonium, or the neuronal nicotinic ganglionic blocker, chlorisondamine. These results led to the suggestion that efferent sympathetic activity, including nicotinic transmission in the ganglia and the postganglionic α1-adrenergic receptors are suppressed by SCS (see Fig. 2-3). The alternative theory of SCS-induced antidromic activation of sensory fibers was confirmed in studies showing that sensory afferent fibers are important for SCS-induced vasodilation and that at higher, but not painful, SCS intensities C-fibers may also contribute to the response30,34,35 (see Fig. 2-3). Thus SCS applied at the spinal L2-L5 segments excites dorsal column fibers that antidromically activate interneurons, which subsequently stimulate spinal terminals of transient receptor potential V1 (TRPV1) containing sensory fibers, which are primarily made up of C-fiber axons.36,37 These fibers transmit action potentials antidromically to nerve endings in the hindlimb. The action potentials evoke mechanisms that release vasodilators, including the most powerful vasodilator, CGRP, which binds to receptors on endothelial cells. The activation of these receptors leads to production and subsequent release of nitric oxide (NO), which results in relaxation of vascular smooth muscle cells (see reference 30 for review). The overall result is that relaxation of vascular smooth muscle cells decreases vascular resistance and increases peripheral blood flow. It should be noted that SCS applied at 500 Hz significantly increased cutaneous blood flow and decreased vascular resistance when compared to the responses induced at 50 Hz and 200 Hz; the effects at all of these frequencies depend on the activation of TRPV1-containing fibers and release of CGRP.38 The clinical use of such findings remains to be determined.
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Fig. 2-3 Schematic diagram illustrating how spinal cord stimulation (SCS) (lightning bolt) of primary afferent fibers in the T1-T2 dorsal columns (DC) affects neuronal mechanisms that reduce pain and improves cardiac function resulting from ischemic heart disease. SCS activates interneurons (A) that may reduce activity of spinothalamic tract (STT) cells short term (B); modulate activity of sympathetic preganglionic (C) and postganglionic (D) neurons to stabilize the intrinsic cardiac nervous system (ICN), which reduces ischemia, decreases infarct size, and decreases arrhythmias. In addition, a protective effect associated with local release of catecholamines on ischemic cardiomyocytes has been demonstrated recently (see text). E, A-δ and C fibers transmit innocuous and nociceptive information from the heart to STT cells. A, Atria; V, ventricles; +, excitation; −, inhibition.




The level of sympathetic nervous system activity may shift the balance between the effects of sympathetic efferent suppression and antidromic activation of sensory afferent fibers. Cooler skin temperatures increase sympathetic activity. A notable observation is that SCS-induced vasodilation of a cooled hindpaw (<25° C) generated an early phase of vasodilation via sensory afferent fibers and a late phase via suppression of the sympathetic efferent activity.39 However, only sensory afferent activation occurred if SCS-induced vasodilation was performed in a warm paw (>28° C). Thus the balance of these two mechanisms most likely depends on the activity level of the sympathetic nervous system. Furthermore, another study showed that preemptive SCS increased the survival rate of skin flaps that were made ischemic by occluding the blood supply to the tissue for as long as 12 hours.40 Concomitant administration of the CGRP-1 receptor antagonist CGRP 8-37 markedly attenuated the cytoprotective effect40; whereas preoperative administration of antiadrenergic drugs such as guanethidine, reserpine, and 6-hydroxydopamine increased experimental flap survival.41 Thus the dual mechanisms of the release of vasodilators by antidromic activation of sensory fibers and suppression of sympathetic activity may all be involved in cytoprotection and prevention of vasospasm.









Neuromodulation Mechanisms of Visceral Organs


This section focuses on the heart and gastrointestinal tract because most of the basic research to determine mechanisms underlying the SCS-induced effects has been performed on these organs. Effects of SCS on spasms of bronchi in lungs were examined, but only an abstract was published.42 To the best of our knowledge the effects of SCS on other visceral organs of animals besides studies of the colon (see section on Gastrointestinal Tract that follows) have not been examined systematically. However, there is abundant evidence of SCS effects on the urinary bladder that were obtained mostly from multiple sclerosis patients.43






Heart


Ischemic heart disease is often presented as shortness of breath and angina pectoris, which is described clinically as an extremely intense pain and severe discomfort that usually radiates to the chest, shoulder, and left arm and occasionally to the neck and jaw.44 This pain usually occurs during episodes of vasospasm or occlusion of the coronary vessels that result in decreased blood flow to the heart. The decreased blood flow generally causes an imbalance between the supply and the demand of oxygen in the heart. Ischemic episodes result in the release of prostaglandins, adenosine, bradykinin, and other substances that activate nociceptive spinal sensory afferent fibers innervating the heart.45 This nociceptive information is transmitted by these sensory afferent fibers, which enter the C7-T5 spinal segments and synapse on spinothalamic tract cells, and cells of other ascending pathways that are also receiving converging cutaneous and muscle input from the overlying somatic structures such as the chest and upper arm.45 Because of this convergent input, angina pectoris is felt as if it is originating from the chest and left arm. On occasion, angina is referred to the neck and jaw because the ischemic episodes can excite nociceptive vagal afferents that converge on spinothalamic tract cells in the upper cervical segments that also receive somatic convergent input from the neck and jaw.45


It is important to note that a large population of patients suffering from chronic angina pectoris does not respond to conventional treatments.46 This group of patients led clinicians to develop alternative strategies such as neuromodulation to provide pain relief. Thus, following a period of using transcutaneous nerve stimulation for various types of visceral pain, including angina pectoris,47 SCS has been used to treat such therapy-resistant angina pectoris since the mid-eighties.48,49 Application of SCS at T1-T2 or higher spinal segments in patients provides pain relief by reducing both the frequency and to some extent the severity of angina attacks; the intake of short-acting nitrates is also reduced.50-53 Thus SCS improves the quality of life in these patients; however, the mechanisms producing pain relief and improved heart function still remain unclear. An early animal study showed that SCS produced antianginal effects by directly inhibiting spinothalamic tract cell activity resulting from cardiac nociception,54 but clinical and animal studies have proven that SCS does not solely relieve pain but also improves cardiac function. However, the primary factor appears to be the resolution of myocardial ischemia. Hautvast and colleagues55 have proposed an SCS-induced flow increase or redistribution of blood supply, whereas Eliasson, Augustinnson, and Mannheimer56 and Mannheimer and associates57 interpret the reduction of coronary ischemia (decreased ST changes; reversal of lactate production) as being mainly caused by decreased cardiomyocyte oxygen demand.


Studies have been conducted to determine if blood flow changes relieve angina pectoris with SCS. In a human experimental study, positron emission tomography (PET) was used to show that SCS appeared to redistribute blood.55 Blood flow and redistribution were also examined in an animal study by determining the distribution of isotope-labeled microspheres in hearts of anesthetized and artificially ventilated adult mongrel dogs.58 A comparison of occluding the left anterior descending coronary artery with and without SCS showed that local blood flow in the myocardium did not increase and no changes occurred in the pressure-volume relationships during SCS. However, this study was limited because it was performed using acute occlusions in animals with a normal heart. It would have been more appropriate to conduct such studies in canine hearts with previous infarctions and long-term ischemic episodes since patients have long-term coronary ischemic disease.


Clinical and animal studies have been done to determine if SCS produces anti-ischemic effects that contribute to improved cardiac function. In patients whose blood supply in the coronary arteries was reduced, SCS applied during standardized heart workloads, analogous to exercise and rapid cardiac pacing, significantly reduced the magnitude of ST segment changes of the electrocardiogram.57,59,60 These results support the idea that SCS may affect cardiac function by improving the working capacity of the heart. A canine animal model of myocardial ischemia was used to resemble the development of chronic ischemic heart disease by implanting an ameroid constrictor ring around the proximal left circumflex coronary artery.61 As the material inside the constrictor ring swells, it gradually reduces arterial blood flow and induces the development of collaterals.62 After 4 to 6 weeks the chest of anesthetized animals was opened, and the exposed heart was paced at a basal rate of 150 beats/min. A plaque containing 191 unipolar contacts was placed on the left ventricle distal to the left coronary artery occluded by the ameroid constrictor. Recordings were obtained from unipolar contact sites to determine changes in the ST segments. The heart was stressed by administering angiotensin II via the coronary artery blood supply to the right atrial ganglionated plexus. Hearts stressed with angiotensin II produced elevations of the ST segments; SCS markedly attenuated this ST segment elevation. These data indicate that SCS may counteract the deleterious effects caused by chemical activation of the intrinsic cardiac nervous system that stressors release in a myocardium with reduced coronary reserve. From these results it was concluded that SCS may produce anti-ischemic effects, which in turn contribute to improved cardiac function. In a more recent study Lopshire and associates63 demonstrated that SCS improved cardiac function in canine heart failure after an experimental myocardial infarction and further stressing the heart by using high-frequency cardiac pacing over 8 weeks.


Further evidence to support the anti-ischemic effects of SCS on the heart is the observation that SCS initiated before the onset of ischemic episodes (preemptive SCS) appears to activate mechanisms that reduce infarct size produced by coronary occlusions.64 This preemptive SCS treatment reduced infarct size produced by coronary occlusions. This reduction in infarct size depends on adrenergic receptors located in the membrane of cardiac myocytes. Thus preemptive SCS appears to provide protection to the heart during periods of critical ischemia. However, protective effects of SCS therapy are ineffective if SCS is initiated after (reactive SCS) the onset of the ischemic episode.


The intrinsic cardiac nervous system is powerfully activated during ischemic episodes.65,66 It is located in the cardiac ganglion plexi of epicardial fat pads adjacent to and within the myocardium.67 This system is composed of interconnecting local circuit neurons and sympathetic efferent, parasympathetic efferent, and sensory afferent fibers. Local circuit neurons have the capacity to produce local interactions and also to connect with neurons arising from other ganglia and higher centers. Thus the intrinsic cardiac nervous system is essential to coordinate regional cardiac function and provide rapid and timely reflex coordination of autonomic neuronal outflow to the heart.68 An important observation in animal studies is that SCS appears to stabilize activity of these intrinsic cardiac neurons during an ischemic challenge resulting from occlusion of a coronary artery. Thus SCS improves cardiac function to a considerable degree by regulating the intrinsic cardiac nervous system23 (Fig. 2-4).
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Fig. 2-4 Schematic diagram illustrating how spinal cord stimulation (SCS) of primary afferent fibers in the low thoracic-lumbar dorsal columns activates neural mechanisms producing vasodilation of peripheral vasculature. SCS activates interneurons (A) that may reduce activity of spinothalamic tract (STT) cells (B); activate antidromically by a presynaptic mechanism (C; dashed circle) Aδ and C dorsal root afferent fibers (D) that releases calcitonin gene-related peptide and nitric oxide (E); and decrease activity of sympathetic preganglionic neurons (F) that reduces release of norepinephrine from sympathetic postganglionic neurons (G). +, Excitation; −, inhibition.




The stabilizing role of the intrinsic nervous system during SCS may also reduce arrhythmias. These effects have been examined in a canine animal model in which mediastinal nerve stimulation can evoke bradycardias and atrial arrhythmias.69 SCS significantly reduces these arrhythmias and those evoked by ischemia,69,70 but bilateral stellectomy eliminated these SCS-induced effects.69 Thus these results provided evidence that SCS prevents the onset of atrial arrhythmias initiated by excessive activation of intrinsic cardiac neurons (mediastinal nerve stimulation), which depends on intact fibers coursing through the stellate ganglion and subclavian ansae.69 Thus modulation of the intrinsic cardiac nervous system may be at least one mechanism that provides protection for the heart during more severe ischemic threats caused by generalized arrhythmias.70 Other mechanisms may also contribute to SCS-induced cardioprotection, including local release of catecholamine in the myocardium64,65 and an α1-PKC pathway and a β-PKA pathway that mediates transient myocardial ischemia-induced apoptosis.64,71 Other neuropeptides such as NO72 and β-endorphin73 may also provide cardioprotection. Some of the pathways and proposed mechanisms contributing to the effects of SCS on cardiac function discussed previously are summarized briefly in Fig. 2-4.









Gastrointestinal Tract—Irritable Bowel Syndrome


Functional bowel disorders, including irritable bowel syndrome (IBS), are common abnormalities of the gastrointestinal tract that are associated with painful abdominal cramps, abnormal bowel habits, and somatic hypersensitivity.74,75 Unfortunately no effective therapy is available because mechanisms that contribute to chronic visceral symptoms of IBS are not well understood. This lack of effective therapy led to speculation that SCS might be a means to treat IBS because it effectively reduces hyperexcitable somatosensory and viscerosomatic (bladder) reflexes in patients experiencing spasticity43 and relieves certain types of visceral pain. This speculation led to the idea of proposing a study that was designed to determine if SCS might be a potential therapy for visceral pain originating from the gastrointestinal tract.76 To simulate the IBS symptoms observed in patients, an animal model of visceral hypersensitivity was adapted by infusing a small concentration of acetic acid into the colon, which produces hypersensitivity but does not damage the mucosa77-79 or by producing postinflammatory colonic hypersensitivity with trinitrobenzenesulfonic acid to create the acute inflammatory insult.80 To quantify the intensity of visceral pain, visceromotor behavioral responses (VMRs) were determined by recording abdominal muscle contractions during noxious colorectal distention.81 In this model a miniature SCS electrode system was implanted chronically with the techniques used in animal studies on neuropathic pain.82 After 1 week, animals were anesthetized briefly with isoflurane so a strain gauge force transducer could be sutured on the right external oblique abdominal muscle. A balloon inserted in the colon was then used to distend normal colons and those irrigated with acetic acid, which sensitizes the colon; the number of abdominal contractions recorded from the strain gauge was determined with and without SCS. The results showed that SCS significantly reduced VMR responses generated with colorectal distention in both normal and acutely sensitized colons. The rat model of postinflammatory colonic hypersensitivity also showed that SCS could significantly reduce VMR responses to innocuous colorectal distention.80 Thus the ability of SCS to reduce colonic sensitivity raises the possibility that SCS may be used therapeutically to treat abdominal cramping and abdominal spasms that result in visceral pain of gastrointestinal origin. The findings from the animal studies were translated from bench to bedside because subsequently a single case study reported that SCS reduced hypersensitivity and produced relief of diarrhea in a patient suffering from severe IBS.83 Further support came from Khan, Raza, and Khan,84 who conducted a retrospective study showing that SCS can be used effectively to treat a variety of visceral pain syndromes such as generalized abdominal pain, chronic nonalcoholic pancreatitis, and pain following posttraumatic splenectomy. Thus the agreement between the clinical reports and animal studies supports the idea that SCS might be used in the future to treat various functional bowel and other visceral disorders. Ongoing randomized cross-over prospective clinical studies indicate that two thirds of patients with IBS can be treated effectively by SCS applied at the T6-T8 segments.85












Neuromodulation Mechanisms for Neuropathic Pain


A limitation of the neural mechanisms used to describe the effects of SCS in the previous sections is that they were based on experiments conducted primarily with normal animals. Although these mechanisms provide clues about the mechanisms, the ability to translate that information to the bedside is reduced. The advantage of neuromodulation mechanisms for neuropathic pain is that the studies from the mid-nineties and onward were performed on different models of nerve injury–induced “painlike behavior.”86 After a nerve lesion is generated by manipulating the sciatic nerve, peripheral branches of the sciatic nerve, or spinal roots, the posture of the animals of the nerve-injured limb soon changes; and the sensitivity of the limb to normally innocuous mechanical and thermal stimuli also increases in many cases. These behavioral changes are the visible results of both peripheral and central sensitization.87 The most common method of evaluating the tactile hypersensitivity is to probe the nerve-injured hindpaw with von Frey filaments and observe the threshold that induces a withdrawal response to innocuous stimuli. This hypersensitivity is the most common behavioral sign in animal models of neuropathy; however, the pathophysiologic mechanisms are still not fully understood.88,89 This measurable sign of hypersensitivity does resemble a “stimulus-evoked painlike reaction,” which can be interpreted as being similar to allodynia observed in patients suffering from painful neuropathic conditions.90 A notable concern in this context is that tactile hypersensitivity occurs in a much larger proportion of nerve-injured rats but only 20% to 40% of neuropathic pain patients present with mechanical allodynia.91 Unfortunately, neuropathic pain animal models almost never express behavioral signs indicating the presence of continuous, spontaneous pain. These issues need to be considered when attempting to translate the results of these animal studies to the bedside.






Spinal Neural Networks of the Dorsal Horn


Tactile hypersensitivity or allodynia primarily results from the involvement of low threshold Aβ fibers and central sensitization of neural networks in the gray matter of the spinal cord.92 The central changes in the spinal cord following peripheral nerve injury depend mainly on altered characteristics primarily of multimodal wide–dynamic range (WDR) neurons. The altered characteristics of these neurons are persistent augmented responses to innocuous somatic stimuli and a marked increase in spontaneous activity. These characteristics are amenable to modulation by SCS. Acute experiments conducted in nerve-lesioned rats have shown that SCS elicits a significant and long-lasting inhibition of the augmented responses to innocuous somatic stimuli and to the after-discharges in WDR cells.93 Furthermore, studies conducted in freely moving, nerve-lesioned rats have shown that in some of the animals SCS may effectively suppress tactile hypersensitivity, similar to the effect on allodynia observed in neuropathic pain patients.94-96 In translating this information to the clinical setting, this SCS suppression of dorsal horn neuronal activity may be related to the beneficial effect of SCS not only on the allodynia but also on the spontaneous neuropathic pain.


The ability of SCS to alter the characteristics of WDR spinal neurons, to affect other components of the spinal neural network, and to reduce tactile hypersensitivity most likely requires activation of multiple transmitter/receptor systems. However, very little data are available from human studies to know about systems that are critically involved in the attenuation of chronic, neuropathic pain by SCS. A series of studies performed in nerve-lesioned animals provide important clues about the transmitters that might contribute to central sensitization and the reduction in tactile hypersensitivity (Fig. 2-5).
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Fig. 2-5 Schematic diagram to explain the possible mechanisms of SCS in neuropathic pain. The mechanisms were discovered primarily from animal (rat) models of mononeuropathy (nerve injury). Spinal cord stimulation (SCS) (lightning bolt) activates dorsal columns orthodromically and antidromically. Antidromic activation activates collaterals (A) of the primary Aβ afferents that excite interneuronal pools (IP) and wide dynamic range cells (WDR). Activation of the IP inhibits the primary afferent afferents (B) and the WDR cells (C). Numerous transmitters and modulators are involved in the modulation exerted by interneurons (IP) as described in the text. (Transmitters in the IP include GABA, adenosine, and acetylcholine). The thin line (D) from somatic structures represents the Aδ and C fibers releasing glutamate, aspartate, and substance P that excite the IP and WDR cells. Orthodromic activation of the primary afferent fibers with SCS evokes supraspinal relays that transmit information in descending pathways (dashed lines, E) that release transmitters (serotonin, norepinephrine) to modulate WDR cells and the IP. Possible supraspinal relays are not included because the organization of a supraspinal loop is still evolving. +, Excitation; −, inhibition.




The hyperexcitability of WDR cells in the dorsal horns of nerve-lesioned animals93 appears to be correlated with increased basal release of excitatory amino acids such as glutamate, and malfunction of the local spinal γ-aminobutyric acid (GABA) system.97,98 Attenuation of the hyperexcitability of WDR cells by SCS most likely results from an induced release of GABA in the dorsal and simultaneous decrease of the interstitial glutamate concentration.93,97


The GABA-B receptor activation appears to be critical for suppressing release of glutamate.97,99,100 An early study showed that the release of GABA is only observed in animals when SCS reduces tactile sensitivity, but not in a group of nonresponding animals.98 However, an intrathecal injection of the GABA-B receptor agonist baclofen administered in these nonresponding animals could transform them into responders to SCS.100


In addition to the GABA system, the cholinergic system also plays an important role in producing the antinociceptive effects of SCS. The first indication pointing to the involvement of the cholinergic system came from a study showing that subeffective, intrathecal doses of clonidine transformed animals from nonresponders to responders to SCS.101 It has also been shown that SCS releases acetylcholine in the dorsal horn; this effect depends on activation of the muscarinic (M4) receptor.102 Furthermore, a subeffective intrathecal dose of a muscarinic receptor agonist (oxotremorine) could also transform nonresponding animals into responders to SCS.103


An exciting development resulting from these studies is that the findings were translated from bench to bedside. Baclofen was developed into a therapeutic benefit to treat neuropathic pain patients who responded inappropriately or did not experience enough relief from SCS. It is also interesting to note that the beneficial effects in patients who responded to this “drug-enhanced spinal stimulation therapy” have been stable for many years.104,105 In addition to baclofen, intrathecal infusions of clonidine, which depends on the cholinergic system, also proved to be effective as an adjunct to SCS when stimulation alone was ineffective in treating neuropathic pain patients.106,107


SCS-induced release of adenosine, serotonin, and norepinephrine into the dorsal horn may also participate in the relief of neuropathic pain.22,23 In contrast to the cholinergic system that depends on interneurons in the gray matter, serotonin and norepinephrine are released from descending pathways and are involved in inhibition of spinal neuronal activity. El-Khoury and associates108 and Saadé and Jabbur109 have conducted a long series of studies showing that neuropathic pain involves spinal and supraspinal mechanisms and that SCS orthodromically excited dorsal column fibers, which in turn activated neural circuits in the brainstem that transmit information in descending pathways that release these transmitters. These results did not agree with previous observations showing that SCS primarily activated local spinal circuits.110 However, work from the same laboratory showed that serotonin released from the descending tract produces its inhibitory effects via GABA-B receptors in the spinal gray matter.111 Thus more studies need to be done to understand the local and supraspinal mechanisms that produce the relief of neuropathic pain to resolve these differences.















Concluding Remarks


Two important themes that permeate the literature and the public square are translational research and evidence-based medicine. It is important to find ways that hasten the transfer of basic research to the clinical setting. An important mechanism to facilitate the translation is to improve collaborations between basic scientists and clinicians. These collaborations will help to focus on research that may be clinically relevant, although sometimes new findings that do not seem to be important initially may, through further research, evolve into an important treatment for a specific disease. Therefore it is imperative that scientists and clinicians in this exciting field of neuromodulation make every effort to share their creative ideas that expand the treatments. It is also important that medical therapies are based on a foundation of solid scientific evidence and thereafter tested in well-controlled prospective randomized studies. The cornerstone of solid scientific evidence is research identifying physiologic mechanisms that explain the beneficial effects of SCS. The mechanisms described in this chapter represent the infant stage of studies that need to be performed to provide a tool-box of mechanism-oriented treatments.
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Chapter Overview


Chapter Synopsis: Chapter 3 deals with some of the perioperative considerations for surgery for electrical spinal cord stimulation (SCS). The invasive implantation procedure carries inherent risks, but these can be minimized with considerations specific to the patient. We can learn from the technically similar (and far more common) surgeries for implanted cardiac devices (ICDs), including pacemakers and defibrillators.


Surgical site infection (SSI) is perhaps the most common perioperative risk associated with SCS at around 3% to 8%; thus intravenous antibiotics should be used routinely. Implantation at the site of a previous incision increases the risk of infection; therefore previous surgery sites should not be used. Smokers carry a risk of wound infection as high as eight times that of nonsmokers. Smoking cessation within a few weeks before surgery can dramatically reduce the risks. Human immunodeficiency virus (HIV)–positive patients do not intrinsically face higher perioperative risk, but certain members of the population could. Similarly, obesity per se does not increase perioperative morbidity, but it can increase the likelihood of wound infection. Patients with rheumatoid arthritis face specialized risks that should be considered in coordination with their rheumatologist. Patients with diabetes make up a significant component of the implantation population. Surgery can induce a postoperative hyperglycemia that increases SSI risk; therefore postoperative glucose should be maintained below 200 mg/dL. Patients receiving anticoagulation therapy or with ICDs also warrant special consideration. As the population receiving SCS implantation grows, it is important to consider the specific conditions associated with each patient to minimize his or her perioperative risks.


Important Points:



[image: image] When considering SCS in a patient on anticoagulation, the implanting physician should have a thorough understanding of the most recent American Society of Regional Anesthesia and Pain Medicine (ASRA) consensus guidelines for patients receiving anticoagulation, while also recognizing that there are no SCS specific guidelines.



[image: image] The concern for interaction between SCS and a pacemaker is inability to pace, whereas in defibrillators it is inappropriate shock. To minimize this interaction, the SCS should be set to a bipolar configuration, whereas the cardiac device should be set to bipolar sensing. Coordination should be undertaken with the patient’s cardiologist.


Clinical Pearls:



[image: image] Preoperative antibiotics should be started 1.5 hours before surgery.



[image: image] Obesity alone is not a risk factor for postoperative complications.



[image: image] Maintaining postoperative blood glucose <200 mg/dL reduces the incidence of SSI.


Clinical Pitfalls:



[image: image] Operating through previous incision sites may increase the risk of infection because of decreased vascularity/healing of scar tissue.



[image: image] Smokers may have as high as eight times greater risk of perioperative infection.



[image: image] HIV+ status alone does not increase surgical complication rates; however, low CD4 count (≤200 cell/mm3) and high viral load (>10,000 copies/mL) are associated with increased morbidity and mortality.









Background


Electrical stimulation for the treatment of pain has been used for over 4500 years.1 In 1967 neurosurgeon Dr. C. Norman Shealy and colleagues from Case Western Reserve University were the first to implement spinal cord stimulation (SCS) in the treatment of chronic pain at University Hospitals of Cleveland.2 Shealy proved the clinical feasibility of SCS, and subsequently there has been tremendous growth in its application. Currently SCS is approved by the Food and Drug Administration (FDA) for chronic pain of the trunk and limbs, pain from failed back surgery syndrome (FBSS), and intractable low back pain. “Off label,” SCS has been used for neuropathic painful conditions and vascular and visceral pain, with diverse applications ranging from vulvodynia to cervicalgia. The full range of considerations for SCS is beyond the scope of this chapter.


As the role of SCS has expanded in the treatment of chronic pain conditions, the eligible patient population has grown as well. Patients who previously would not have been candidates are now able to benefit from neurostimulation. It is the responsibility of the implanting physician to consider and maximize the perioperative status of the patient to optimize outcome and minimize risks and complications.









General Considerations


Although an appropriately applied SCS trial and implant can provide significant satisfaction for both the patient and implanting physician, they are invasive interventions and therefore associated with inherent risks. Whether implanting these technologies directly or caring for those with SCS, several factors influencing successful implantation must be considered and are reviewed here: infection risk, tobacco use and smoking cessation, unique issues in those with human immunodeficiency virus/acquired immunodeficiency syndrome (HIV/AIDS), effects of obesity, rheumatoid arthritis (RA) and immunosuppressant therapy, blood glucose control in persons with diabetes, anticoagulation, and other perioperative issues.









Specific Considerations






Surgical Site Infection


Surgical site infection (SSI), in general, has an overall prevalence of 2% to 7%3; and, consistent with this, a rate of 3% to 8% has been found with SCS implantation.4-6 In expert panel recommendations, Kumar and colleagues state that the “use of antibiotics is recommended by the panel and others and should be started intravenously, 1.5 hours prior to surgery.”4


By comparison, infection rates for implanted cardiac devices (ICDs—pacemakers and defibrillators) were reported as 0.5% to 6% in early studies7,8 but have more recently been found to be as low as 1%.9 Although there have been no studies in SCS comparing infection rates in those with and without preoperative antibiotics, a prospective, randomized, double-blind, placebo-controlled trial evaluated infection risk for ICDs in those receiving either prophylactic cefazolin or a placebo.10 This trial was interrupted early by the safety committee because of the dramatically higher rate of infection in those who did not receive antibiotics vs. those who did (3.28% vs. 0.63%). The authors also found that the presence of postoperative hematoma and procedure duration were positively correlated with infection risk. A recent American Heart Association (AHA) scientific statement also identified ICD infection risk factors to include diabetes mellitus (DM), congestive heart failure (CHF), renal dysfunction, oral anticoagulation, revision surgery, hematoma formation, corticosteroid use, and surgeon inexperience.11 This statement also notes that “there is currently no scientific basis for the use of prophylactic antibiotics before routine invasive dental, gastrointestinal, or genitourinary procedures.” Although these findings are in the setting of ICDs, the similarity between minimally invasive surgeries such as these and SCS may provide guidance. There are no similar studies in the SCS population and until such a time this literature may be used as a prudent reference.


Gaynes and colleagues12 have also found that American Society of Anesthesiologists’ (ASA) classification, the National Nosocomial Infection Surveillance (NNIS) wound classification, and prolonged operative time—defined as ≥75th percentile compared to average duration of the operation—are associated with SSI. In a retrospective review of >10,000 patients over 6 years, Haridas and Malangoni13 identified several other significant risk factors for SSI: hypoalbuminemia (≤3.4 mg/dL), anemia (Hgb ≤10 g/dL), excessive alcohol use (not defined), history of chronic obstructive pulmonary disease, history of CHF, infection at remote site, and current operation through a previous incision (Box 3-1). Most of these risk factors can be identified through an appropriate history and physical examination and preoperative laboratory work and can be addressed in conjunction with the patient’s primary care physician or appropriate specialist. However, operation through a previous incision site may be of greater concern. One of the most common indications for SCS use is FBSS. Many times old scars are used as an entry points for the new procedure, either because they provide adequate anatomic access or to prevent further cosmetic disfiguration. Haridas and Malangoni13 suggest that using a previous incision may predispose to SSI because of the decreased vascularity of scar tissue.





Box 3-1 Postoperative Risk Factors in General Surgery






Alcohol use (excessive)



Anemia (Hgb ≤10 g/dL)



ASA Classification: I-VI



Chronic obstructive pulmonary disease



Congestive heart failure



Hypoalbuminemia (≤3.4 mg/dL)



Infection at remote site



NNIS Wound classification


[image: image] Clean



[image: image] Clean-contaminated



[image: image] Contaminated



[image: image] Dirty/infected






Operation through previous incision



Prolonged operation (≥75th percentile)



Smoking status


ASA, American Society of Anesthesiologists; Hgb, hemoglobin; NNIS, National Nosocomial Infection Surveillance.





The pathogen most commonly involved in SSI is Staphylococcus aureus, which is responsible for more than 50% of infections,14-16 with most cases occurring in patients who are themselves carriers of the organism. The carriage site is most often the anterior nares,17 and multiple studies have shown that nasal carriage is one of the most important risk factors for the development of surgical site infection.14,18,19 Given this, there is a new body of research specifically focused on identifying and treating nasal carriers of Staphylococcus aureus, with resultant dramatic decreases in SSI. Studies in cardiothoracic,14 orthopedic,20-22 and dialysis23,24 populations have shown that treatment is feasible and cost-effective, decreases infection rates by 57% to 93%, and reduces morbidity and mortality. A recent, randomized, double-blind, placebo-controlled, multicenter trial showed that treatment with mupirocin nasal ointment and chlorhexidine soap reduced the infection rate to 3.4%, compared to 7.7% in the placebo control group.25


Although different treatment protocols have been used, there is accumulating evidence for a combination of intranasal mupirocin and chlorhexidine showers preoperatively, and vancomycin intra-operatively. When patients are seen in presurgical screening (or during a routine office visit for potential SCS patients), a polyester (Dacron) nasal swab of the nasal passage may be taken. Polymerase chain reaction (PCR)-based rapid testing is used to identify methicillin-resistant Staphylococcus aureus, and standard cultures are used to identify methicillin-sensitive Staphylococcus aureus. If patients test positive for either strain, they are treated with 2% intranasal mupirocin (Bactroban) twice daily for a five-day treatment course prior to implant date and continued for two days post-implant. Additionally, a shower wash of 2% chlorhexidine (Hibiclens) is taken the evening prior to surgery.20 A combination of vancomycin and cefazolin dosed for weight can be used intra-operatively, as β-lactam antibiotics may provide better coverage for methicillin-sensitive Staphylococcus aureus strains.26,27 SSI can be particularly devastating and difficult to treat in patients with implanted hardware, and, although the ideal regimen has yet to be determined, these developments allow another opportunity to minimize patient morbidity.


Finally a great deal of research has been done about the increased risk of SSI with smoking, as discussed in the following paragraphs.









Tobacco Use/Smoking Cessation


It is now clear that smoking is an important and significant factor in perioperative complications.28-31 Although there are no SCS studies that have looked at the increased risk of SSI in smokers, there is an abundance of evidence in the general surgery literature from which to draw conclusions. Smokers have up to eight times the risk of wound infection (≈8% vs. 1%) after surgery.32 Although the exact etiologic mechanism is unclear, carbon monoxide and the hypoxemic state it creates are likely important factors. The role of nicotine itself is unclear. It is a known vasoconstrictor that impairs tissue revascularization.33 However, nicotine replacement therapy (NRT) does not increase infection rates in experimental or clinical studies and there is no evidence that it adversely affects wound healing.34-36


The risks of smoking have been unequivocally shown, and evidence continues to accumulate that smoking cessation can drastically reduce perioperative morbidity. In one study preoperative smoking cessation before joint replacement surgery reduced wound infection rates from 27% in smokers to 0% in those who quit.37 At this time there is no consensus on the duration of smoking cessation for maximum benefit before surgery. Increased length of abstinence is certainly beneficial for a patient’s overall health, and the ideal situation would be for this to continue permanently after surgery. However, given the difficulty most patients experience with quitting smoking, the search continues for the shortest amount of time that will still yield clinical benefit operatively. Initial studies showed clear benefit from smoking cessation for 6 to 8 weeks before surgery, consistent with physiological improvements in pulmonary and cardiac function.32,38,39 Moller and associates37 found a 65% decrease in postoperative complications with 6 to 8 weeks of preoperative smoking cessation before orthopedic surgeries. Even 4 weeks of smoking cessation reduced wound infection rates to that of nonsmokers in those having skin biopsies.34 The 3-week mark may be the cutoff point to see benefit from smoking cessation. One study found that the complication rate for colorectal surgery was unchanged with smoking cessation ≤3 weeks,40 whereas two separate studies found a reduction in complications in head and neck and breast reduction surgery with cessation ≥3 weeks.41,42


With the clear and proven increased risks from continued smoking, discussing smoking cessation with patients considering SCS may be an important part of preoperative education and teaching. Perioperative intervention can directly and dramatically decrease complication rates and can lead to sustained smoking cessation for up to 1 year after surgery.43,44 Peters and colleagues45 gave important perspective to the need for smoking cessation: “the adverse effect of failing to quit smoking is similar to that of omitting antibiotic prophylaxis.” Unfortunately, despite this overwhelming increase in risks, many patients still continue to smoke.









Human Immunodeficiency Virus+


Advances in the treatment of human HIV/AIDS in the last 20 years have changed the disease course from a rapid and progressive affliction to a manageable chronic illness. With HIV/AIDS patients living longer and a general paradigm shift away from the focus on acute management, a greater percentage of HIV/AIDS patients are being seen for chronic pain states, whether specific to the condition or similar to those of the general population.


Currently there is the misperception that HIV-positive status alone increases the risk of postoperative complications. With the exception of certain transoral procedures,46,47 review of the literature does not support this belief.48-51 The most important risk factor for postoperative complications in the HIV+ patient is the one routinely assessed in all patients: ASA classification.49 However, there are markers used to monitor disease status that are predictive of increased risk (Box 3-2). Increased morbidity and mortality rates are associated with CD4 count ≤200 cell/mm3 and viral load >10,000 copies/mL.50,52-55 In addition, a postoperative CD4 percent of ≤18 ± 3 and a decrease in percent CD4 of ≥3 are associated with increased morbidity.54 All these values can easily be tested for, and any physician operating on an HIV+ patient should strongly consider ordering these laboratory values routinely. If there are abnormalities, both SCS trial and implant should be delayed, and the patient referred to an infectious disease specialist. To date there are no SCS studies that have specifically looked at the increased risk of infection in HIV+ patients.





Box 3-2 Operative Risk Factors in Human Immunodeficiency Virus+ Patients






ASA Classification



CD4 <200 cells/mm3




Viral load >10,000 copies/mL



Postoperative CD4% ≤18 ± 3



↓ in CD4% of ≥3


ASA, American Society of Anesthesiologists.





Thrombocytopenia (platelets <50,000/µL) is a frequent finding in HIV+ patients, with prevalence rates from 9% to 37% in various study populations.56 Therefore thorough preoperative evaluation of platelet count and correction of a possible coagulation disorder is mandatory before proceeding with surgical intervention. Most implanters believe that an implant should be delayed until platelets are above 50,000 by either disease correction or platelet infusion.









Obesity


There is considerable stigma associated with obesity (body mass index [BMI] >30 kg/m2), and outcomes are impacted in many areas of medicine. Most physicians are aware of the deterioration of cardiac, pulmonary, and immunological function associated with obesity.57-59 Obesity is also associated with decreased quality of life and life expectancy.60,61 The co-morbidities of obesity are well known, and the list of associated disease states continues to grow annually. Given this, there is the commonly held deduction that obesity is a significant risk factor for perioperative complications. Although there is an increased risk of wound infections,62,63 Dindo and colleagues64 have shown that obesity alone is not a risk factor for postoperative complications. Further, their prospective study of >6000 patients over 10 years showed no significant difference in median operation time or need for blood transfusions. The latter results are especially encouraging given the high prevalence of obesity among chronic pain patients. However, the increased risk of wound infection is particularly worrisome. With implantable technologies, simple wound infections can lead to significant morbidity, often requiring explanation of an otherwise well-functioning device. To date there have been no SCS studies specifically assessing the increased risk of wound infection in obese patients and whether obesity leads to increased rates of explantation or further morbidity in SCS. At this time it is appropriate to counsel the obese patient of his or her increased risk of infection. At worst this allows the patient to make a better-informed decision; at best it may provide further motivation toward weight loss. Anecdotal data suggest that, with improved pain control, patients may be able to engage in the behavioral modifications necessary for weight loss.









Rheumatoid Arthritis


Compared to the general population, patients with RA have an increased incidence of SSI, as high as 15%. Concomitant steroid use has been associated with increased risk, whereas continued methotrexate use has been linked to decreased risk.65-67 den Broeder and associates68 examined the risk of SSI in those using anti–tumor necrosis factor (TNF) therapy and found no effect on SSI. However, the patients on anti-TNF therapy did have higher rates of wound dehiscence and bleeding. Interestingly, they found sulfasalazine to have a strong protective effect against SSI and hypothesized that this may be because of the bactericidal effect of the sulfapyridine component. Currently it would seem prudent to withhold anti-TNF medications before surgery. This would require stopping anti-TNF treatment for at least four drug half-lives before surgery (12 days for etanercept [Enbrel], 39 days for infliximab [Remicade], 56 days for adalimumab [Humira]).69 Changes in the patient’s disease-modifying agents are best coordinated with their rheumatologist.









Diabetes Mellitus


As the rate of DM increases,70 the proportion of patients who are candidates for SCS with diabetes will likewise grow. Currently pain from peripheral diabetic neuropathy shows excellent response to SCS.71,72 The stress from surgery induces the release of counterregulatory hormones, which leads to insulin resistance, increased glucose production, decreased insulin secretion, and ultimately hyperglycemia.73 Subsequently this hyperglycemic state inhibits leukocyte function74 and collagen formation, decreasing wound tensile strength.75,76 Perioperative hyperglycemia is known to be an independent risk factor for the development of SSI.77 Interestingly, in a retrospective review of over 38,000 surgeries by Acott, Theus, and Kim,78 there was no correlation between hemoglobin A1c levels and risk of complication, type of complication, or death.


Although the terms “strict” and “optimal” glycemic control are used in the management of DM, there is no consensus definition of these terms in the surgical patient. There is evidence that maintaining postoperative blood glucose <200 mg/dL reduces the incidence of SSI,79
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