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Foreword


Electromyography (EMG) is a relatively new test. When I started my residency training at the Mayo Clinic in 1973 with Drs. Ed Lambert and Jasper Daube, it was not widely available, and the equipment was rudimentary. The machines were based on vacuum tube technology, were large and cumbersome, took up most of the room, and had to be tweaked and calibrated. Filters had to be set manually for each patient as well as each test. Heating lamps were not necessary, because the heat alone from these machines in a small room was enough to keep patients warm and make the neophyte trainee perspire, especially when the instructor entered the room.


Since then, much has changed. New technology has produced compact, microchip-based, and highly accurate and reliable machines. Gains and filters are available at the touch of a button. Moreover, fostered by the efforts of pioneers such as Lambert, Daube, and many others, there has been an explosion of knowledge in the field of EMG and clinical neurophysiology. As a result, we now know a great deal about the neurophysiologic findings in many diseases of the peripheral nervous system. Indeed, for those of us in the day-to-day practice of clinical neuromuscular diseases and clinical neurophysiology, EMG and related electrophysiologic studies can be an enormous help in diagnosis and management. Most of us regard EMG as the single most useful test in clarifying the differential diagnosis of an obscure neuromuscular problem, second only to the clinical examination.


We all pay lip service to the concept that the EMG is an extension of the clinical examination and best used in conjunction with a careful clinical examination. In practice, however, there are many occasions when this rule is violated, and there has been a trend lately to develop “clinical neurophysiologists” who practice in the laboratory and have little clinical experience. This is a dangerous approach, because although EMG and related tests are powerful and sensitive technology, they are also subject to interpretive error. As such, they must always be evaluated in light of careful consideration of the clinical findings by an experienced clinician. Improperly interpreted or performed EMG tests can lead to useless diagnostic tests and dangerous treatments. On virtually a weekly basis, patients are referred to my clinic because of tests done improperly or misinterpreted in the light of the clinical findings. Thus, there is a need for publications that continue to teach the clinical approach to neurophysiology.


Although several excellent texts cover the technical and, to some extent, clinical aspects of EMG, this book by Preston and Shapiro is unique in its emphasis on clinical and EMG correlation. The book amply and clearly covers the technical aspects, but its strength lies in its emphasis on clinical/neurophysiologic correlation, a hands-on, interactive approach for the reader, and a style that most closely approximates how a clinical neurophysiologist thinks when approaching a complicated patient. The authors’ discussion of potential pitfalls in testing is also most helpful. The authors’ admonition that, when in doubt, the examiner should stop stimulating and needling, retake the history, and repeat the clinical examination bears repeating to every trainee in every program.


This text will be a positive and important addition to the EMG literature. It will be helpful to trainees in EMG and should also be useful as a refresher to experienced electromyographers. I congratulate Drs. Preston and Shapiro on an excellent book. I’m jealous: I wish I had written it.




John J. Kelly, Jr., MD 


Chief, Department of Neurology;
Deputy Director, Cooper Neurological Institute
Camden, NJ













Preface to the Third Edition


Since the publication of this book in 1997, followed by the second edition in 2005, we have been profoundly gratified by the continued overwhelmingly positive reception it has received from physicians, both in training and in practice. It has become one of the key resources for residents and fellows who are learning electrodiagnostic testing and clinical neuromuscular disorders. The goal of the first edition was to create a textbook that integrated electrodiagnostic studies and neuromuscular disorders in a practical and concise manner, always remembering the important principle that nerve conduction studies and electromyography (EMG) are an extension of the clinical examination. In the second edition, the companion CD of EMG waveforms was added so that the reader could have the benefit of being able to see and hear examples of classic EMG waveforms. The second edition was also expanded in the number of chapters and the breadth of information, adding chapters on Pediatric EMG, Electricity and Electronics, EMG in the ICU, Iatrogenic Electrodiagnosis, and Statistics for EMG studies.


As the intention of this text was, and remains, to convey basic and essential information, and the vast majority of the basic and essential information has not changed, the question again arises, “why do a third edition?” The reasons are multifactorial.


First, the authors now read many of our neurology journals and an increasing number of books on our iPads and other similar devices. We also now use these devices to connect to our electronic medical record, and look up drug information and a host of medical information. It therefore makes sense for a third edition to be both in print and completely electronic. Although it is difficult for many of us to think about replacing books with electronic media, this is clearly where the world is moving, led by our students, residents, and fellows in training.


Second, writing a third edition gave us the opportunity to review the medical literature since 2005 on all the topics in the text, especially the chapters that deal with clinical disorders. Since the publication of the second edition there have been significant advances in understanding the genetics, pathophysiology, and treatment of many neuromuscular conditions, and these are included in the third edition. In addition, some electrodiagnostic techniques have been improved and other new ones described that are included in this third edition of the book.


Third, with advances in publishing, we have now greatly improved the figures and color has been added to many of them. Most of the photographs are now in color. Being strong believers in “a picture is worth a thousand words,” we have added over 100 new figures and photos, and others have been updated. In addition, one of the major improvements in the third edition has been the inclusion of cross-sectional anatomy of the muscles used for needle EMG. To really master the needle EMG, one needs to be able to think three dimensionally – not only where the muscle is, but what other muscles are nearby and, even more important, what other important vascular structures and nerves are nearby that one needs to avoid. To this end, we adapted cross-sectional line drawings from the outstanding work of Eycleshymer and Schoemaker published in 1911. Each individual drawing was scanned and then oriented to the position used for EMG. The muscle of interest was shaded red and, likewise, all major nerves, veins, arteries and tendons were color coded. Finally, a life size image of a conventional needle EMG was placed in the correct orientation used for EMG. Thus, each muscle used for needle EMG now has a photo showing its correct insertion point along with its relevant cross-sectional anatomy at that location.


Like the first and second editions, this text is meant to provide a single resource for those physicians training in or practicing electrodiagnostic studies. From our perspective of teaching for over 20 years, on a post-graduate, residency, and fellowship level, we feel that if one can master the fundamentals in this book, one should have all the basic concepts and information one needs to competently understand and interpret electrodiagnostic studies. Although a great deal of information is presented regarding the performance of studies, there remains no substitute for hands-on experience under supervision. However, for the recognition and interpretation of EMG waveforms, the videos now published on the web should make this much easier to master.


The continued goal of this text is to present material in an easily understandable and logical manner. The authors have often commented to their students that with knowledge of anatomy, physiology, and neurologic localization, the practice of electrodiagnostic studies makes sense. We hope that with the information contained in this text, one can sit down with a patient, take a history, perform a physical examination, and use the appropriate electrodiagnostic studies to reach a diagnosis.
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Preface to the Second Edition


Since the publication of the first edition of this book in 1997, we have been gratified by the overwhelmingly positive reception it has received from physicians, both in training and in practice. The goal of the first edition was to create a textbook that integrated electrodiagnostic studies and neuromuscular disorders in a practical and concise manner, always remembering the important principle that nerve conduction studies and electromyography (EMG) are an extension of the clinical examination. As this text is intended to convey basic and essential information, the question arises, “why do a second edition?” The authors acknowledge that no new muscles have been discovered in the human body over the past six years. Likewise, PCR and genetic tests have failed to identify any new nerves. Although much of the basic information in the fields of electrodiagnostic studies and neuromuscular disorders has not changed, we have written this second edition to improve and expand on many topics.


First and most important, needle electromyography relies upon the proper interpretation of waveforms in real-time. While one can read about waveforms until they are blue in the face, it is very difficult to appreciate the audio and visual qualities of a waveform unless one can see and hear it. For the last fifteen years, we have collected video examples of classic EMG waveforms from a variety of patients. Two years after the publication of the first edition of this book, we introduced a companion videotape of common EMG waveforms. With new digital technology, we have now been able to digitize these video waveforms and put them on a companion CD which accompanies this book. Thus, in this second edition, the reader can view the CD on any computer, and watch and hear every common and classic EMG waveform. Because all the waveforms are digital, the reader can freeze or replay any waveform at any time. The textbook description and discussion of each waveform are now greatly enhanced by the companion CD.


Since the publication of the first edition there have been significant advances in some neuromuscular conditions, and these are included in the second edition. Some new disorders have been described, among them paralytic poliomyelitis caused by the West Nile virus. In addition, several new techniques that have been described and validated in the electrodiagnosis of neuromuscular conditions are included in this second edition of the book. For instance, the electrodiagnosis of ulnar neuropathy at Guyon’s canal has significantly improved over the past few years, and several new techniques that are useful in making this diagnosis are included in this second edition.


We spent a considerable amount of time thinking of better ways to present complex material in a logical and concise manner for this second edition of the book. Being strong believers in “a picture is worth a thousand words,” we have added many new figures, and others have been updated. Indeed, we have added or updated more than 175 figures to the first edition of the book.


We have improved the book in several other ways. First, we have expanded many of the clinical chapters, and in some cases separated them into new chapters, including median neuropathy at the wrist, proximal median neuropathy, ulnar neuropathy at the wrist, ulnar neuropathy at the elbow, amyotrophic lateral sclerosis, and atypical motor neuron disorders. All of the clinical chapters follow the same format that was used in the first edition, first presenting the important anatomic and clinical aspects of the disorder, followed by a discussion of the relevant electrodiagnostic studies. Each chapter ends with example cases based on actual patients, illustrating many important clinical and electrodiagnostic teaching points. In addition, in section three we have added a new chapter on basic statistics for electrodiagnostic studies, discussing several basic statistical concepts that every electromyographer needs to know in order to properly interpret a study.


The first edition was divided into six separate sections. This new edition has been expanded to eight. The first new section deals with EMG in Special Clinical Settings, including the approach to electrodiagnostic studies in the intensive care unit, and the approach to electrodiagnostic studies in the pediatric patient. In the last several years, electromyographers are called upon more frequently to perform EMG studies in the intensive care unit to evaluate patients with profound weakness. New clinical disorders and electrodiagnostic techniques to evaluate these disorders have been extensively reported over the last several years and are reflected in this new edition. We have included a discussion of pediatric EMG because of its own unique set of challenges and techniques that differ from adult studies.


The other new section deals with the basics of electricity and electronics, in addition to the potential risks and complications of electrodiagnostic studies. Some knowledge of electricity and electronics is extremely helpful in understanding electrodiagnostic studies. From a practical point of view, this knowledge is also very helpful in understanding and correcting many of the technical problems that arise in the everyday practice of electrodiagnostic medicine. The latter chapter arose from a continuing medical education course which we were asked to give at an annual meeting of the American Association of Electrodiagnostic Medicine, which was followed up as a review article in the journal Muscle and Nerve. Although nerve conduction studies and EMG are usually well tolerated and in most patients have minimal side effects, there are potential risks and complications, especially in certain patient populations. It is essential that all physicians performing these studies are aware of these potential risks and complications, albeit rare, and follow simple protocols to minimize them.


Like the first edition, this text is meant to provide a single resource for those physicians training in or practicing electrodiagnostic studies. From our perspective of teaching for many years, both on a post-graduate and residency level, we feel that if one can master the fundamentals in this book, one should have all the basic concepts and information one needs to competently understand and interpret electrodiagnostic studies. Although a great deal of information is presented regarding the performance of studies, there is no substitute for hands-on experience under supervision. However, it is our hope that with the companion CD as part of the textbook, the recognition and interpretation of EMG waveforms will be easier to master.


Finally, the goal of this text is to present material in an easily understandable and logical manner. The authors have often commented to their students that with knowledge of anatomy, physiology, and neurologic localization, the practice of electrodiagnostic studies makes sense. We hope that with the information contained in this text, one can sit down with a patient, take a history, perform a physical examination, and use the appropriate electrodiagnostic studies to reach a diagnosis.


DCP
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Preface to the First Edition


This text is written primarily for clinicians who perform and interpret nerve conduction studies and electromyography (EMG), as well as for physicians who use the results of these electrodiagnostic studies to evaluate patients with peripheral nervous system disorders. Nerve conduction studies and EMG are best considered an extension of the clinical examination. Indeed, these studies cannot be properly planned, performed, or interpreted without knowing the patient’s symptoms and findings on the clinical examination. Numerous nerves and literally hundreds of muscles can be studied. To study them all would be neither practical for the electromyographer, nor desirable for the patient. In every case, the study must be individually planned, based on the clinical differential diagnosis, and then modified as the study progresses and further information is gained. The electromyographer needs to perform the studies necessary to both confirm and exclude certain diagnoses while minimizing the amount of patient discomfort. Most often, nerve conduction studies and EMG can successfully localize the lesion, provide further information about the underlying pathophysiology, and assist in assessing the disorder’s severity and temporal course.


Although there are many excellent textbooks on electrodiagnosis and several superb references on clinical neuromuscular disorders, few integrate the two in a practical and concise manner. The approach we take in this text parallels our teaching program developed for the EMG fellowships and neurology residencies at the Brigham and Women’s Hospital and the Massachusetts General Hospital in Boston.


The book is divided into six fundamental sections. Section One covers the overall practical approach to a patient in the EMG laboratory, followed by a review of the basic anatomy and neurophysiology that every electromyographer needs to understand. Section Two discusses the fundamentals of nerve conductions, including motor, sensory, and mixed nerve studies, as well as late responses, blink reflexes, and repetitive nerve stimulation studies. In Section Three, important technical factors and artifacts are discussed, including the anomalous innervations. Section Four discusses the practical details of performing the most commonly used nerve conduction studies. In Section Five, the focus changes to needle EMG. After discussing the overall approach to the needle EMG, the anatomy of the bulbar, upper extremity, and lower extremity muscles is reviewed in detail. The last two chapters in this section cover the approach to the needle EMG examination, including the assessment of spontaneous activity and the analysis of motor unit action potentials.


Section Six, Clinical–Electrophysiologic Correlations, forms the core of the text. After an overview of the important patterns, all of the major peripheral nervous system conditions are discussed, from both the clinical and the electrophysiologic points of view. Included are the mononeuropathies, polyneuropathies, motor neuron diseases, radiculopathies, plexopathies, disorders of the neuromuscular junction and muscle, and the myotonic and periodic paralysis disorders. At all times, the text integrates the important basic clinical and electrophysiologic points. In Chapters 16–32, clinical cases and their respective nerve conduction and EMG data are presented. Each case example is that of an actual patient taken from our EMG teaching file during the past 10 years.


The authors appreciate that some specific techniques and normal values may vary from laboratory to laboratory. Nevertheless, the goal of this book is to present a logical approach in the EMG laboratory that combines the clinical and electrophysiologic evaluations of a patient with a disorder of the peripheral nervous system.
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Section I


Overview of Nerve Conduction Studies and Electromyography










1 Approach to Nerve Conduction Studies and Electromyography


Electrodiagnostic (EDX) studies play a key role in the evaluation of patients with neuromuscular disorders. Among these studies are included nerve conduction studies (NCSs), repetitive nerve stimulation, late responses, blink reflexes, and needle electromyography (EMG), in addition to a variety of other specialized examinations. NCSs and needle EMG form the core of the EDX study. They are performed first, and usually yield the greatest diagnostic information. NCSs and needle EMG are complementary, and therefore are always performed together and during the same setting. Performed and interpreted correctly, EDX studies yield critical information about the underlying neuromuscular disorder and allow use of other laboratory tests in an appropriate and efficient manner. Likewise, the information gained from EDX studies often leads to specific medical or surgical therapy. For example, a patient with a peripheral neuropathy clinically, who is subsequently found to have an acquired demyelinating neuropathy with conduction blocks on EDX studies, most often has a potentially treatable condition.


In practice, EDX studies serve as an extension of the clinical examination and should always be considered as such. Accordingly, a directed neurologic examination should always be performed before EDX studies in order to identify key clinical abnormalities and establish a differential diagnosis. With numerous nerves and literally hundreds of muscles available, it is neither desirable for the patient nor practical for the electromyographer to study them all. In each case, the study must be individualized, based on the neurologic examination and differential diagnosis, and modified in real time as the study progresses and further information is gained.


NCSs and EMG are most often used to diagnose disorders of the peripheral nervous system (Figure 1–1, Box 1–1). These include disorders affecting the primary motor neurons (anterior horn cells), primary sensory neurons (dorsal root ganglia), nerve roots, brachial and lumbosacral plexuses, peripheral nerves, neuromuscular junctions, and muscles. In addition, these studies may provide useful diagnostic information when the disorder arises in the central nervous system (e.g., tremor or upper motor neuron weakness). Occasionally, information from the EDX study is so specific that it suggests a precise etiology. In most cases, however, the exact etiology cannot be defined based on EDX studies alone.





[image: image]

FIGURE 1–1 Elements of the peripheral nervous system.


Note that the primary motor neuron resides within the spinal cord, whereas the primary sensory neuron, the dorsal root ganglion, lies outside the spinal cord. The dorsal root ganglion is a bipolar cell. Its proximal process forms the sensory nerve root; the distal process becomes the peripheral sensory nerve.







Box 1–1 


Disorders of the Peripheral Nervous System







Motor neuronopathy



Amyotrophic lateral sclerosis



Spinal muscular atrophy



Infectious (poliomyelitis, West Nile virus)



Monomelic amyotrophy


Sensory neuronopathy



Paraneoplastic



Autoimmune



Toxic



Infectious


Radiculopathy



Disk herniation



Spondylosis



Neoplastic



Infarction



Infectious



Inflammatory


Plexopathy



Radiation induced



Neoplastic



Entrapment



Diabetic



Hemorrhagic



Inflammatory


Neuropathy



Entrapment



Polyneuropathy



Demyelinating



Axonal



Mononeuritis multiplex


Neuromuscular junction disorders



Myasthenia gravis



Lambert–Eaton myasthenic syndrome



Botulism



Toxic



Congenital


Myopathy



Inherited



Muscular dystrophy



Congenital



Metabolic



Acquired



Inflammatory



Toxic



Endocrine



Infectious












Localization of the Disorder is the Major Aim of the Electrodiagnostic Study


The principal goal of every EDX study is to localize the disorder. The differential diagnosis is often dramatically narrowed once the disorder has been localized. Broadly speaking, the first order of localization is whether the disorder is neuropathic, myopathic, a disorder of neuromuscular transmission, or a disorder of the central nervous system (CNS). For example, in patients with pure weakness, EDX studies can be used to localize whether the disorder is caused by dysfunction of the motor neurons/axons, neuromuscular junctions, muscles, or has a central etiology. The pattern of nerve conduction and especially EMG abnormalities usually can differentiate among these possibilities and guide subsequent laboratory investigations. For example, a patient with proximal muscle weakness may have spinal muscular atrophy (i.e., a motor neuron disorder), myasthenic syndrome (i.e., a neuromuscular junction disorder), or polymyositis (i.e., a muscle disorder), among other disorders, including those with central etiologies (e.g., a parasagittal frontal lesion). EDX studies can easily differentiate among these conditions, providing key information to guide subsequent evaluation and treatment, which differ markedly among these diseases.


Once the localization is determined to be neuropathic, myopathic, a disorder of the NMJ or of the CNS, EDX studies can usually add other important pieces of information to localize the problem further (Figure 1–2). For instance, the differential diagnosis of a patient with weakness of the hand and numbness of the fourth and fifth fingers includes lesions affecting the ulnar nerve, lower brachial plexus, or C8-T1 nerve roots. If EDX studies demonstrate an ulnar neuropathy at the elbow, the differential diagnosis is limited to a few conditions, and further diagnostic studies can be directed in a more intelligent manner. In this situation, for instance, there is no need to obtain a magnetic resonance imaging scan of the cervical spine to assess a possible cervical radiculopathy because the EDX studies demonstrated an ulnar neuropathy at the elbow as the source of the patient’s symptoms.





[image: image]

FIGURE 1–2 Possible localizations determined from the electrodiagnostic study.




In a patient with a CNS disorder who is mistaken as having a peripheral disorder, the EDX study often correctly suggests that the localization is central. For example, transverse myelitis may mimic Guillain–Barré syndrome, or a small acute cortical stroke may mimic the pattern of a brachial plexopathy. In settings such as these, the EDX study is often the first test to suggest that the correct localization is central rather than peripheral.






Neuropathic Localization


Neuropathic is probably the most common localization made on EDX studies. Neuropathic literally means a disorder of the peripheral nerves. However, in common usage, it includes the primary sensory and motor neurons as well. EDX studies are particularly helpful in neuropathic conditions. First, in conjunction with the history and examination, they can usually further localize the disorder to the neurons, roots, plexus, or peripheral nerve. In the case of peripheral nerve, further localization is usually possible to a single nerve (mononeuropathy), multiple individual nerves (mononeuropathy multiplex) or all nerves (polyneuropathy). In the case of a single nerve, the exact segment of nerve responsible for the problem may be localized in some cases.


In the case of neuropathic lesions, EDX studies often yield further key information, including the fiber types involved, the underlying pathophysiology, and the temporal course of the disorder (Figure 1–3).





[image: image]

FIGURE 1–3 Key EDX findings in a neuropathic localization.








Information About the Fiber Types Involved and the Underlying Nerve Pathophysiology can be Gained, which then Further Narrows the Differential Diagnosis


In the case of neuropathic disorders, the involved fiber types and the underlying pathology can usually be determined. First, EDX studies are more sensitive than the clinical examination in determining which fiber types are involved: motor, sensory, or a combination of the two. Sensorimotor polyneuropathies are common and suggest a fairly large differential diagnosis. On the other hand, predominantly motor or predominantly sensory neuropathies are rare and suggest a much more limited set of disorders. For instance, a patient with numbness in the hands and feet and diminished reflexes may be diagnosed with a peripheral neuropathy. However, if EDX studies demonstrate abnormal sensory nerve conductions with completely normal motor nerve conductions and needle EMG, then the differential diagnosis changes from a peripheral neuropathy to a pure sensory neuropathy or neuronopathy, which has a much more limited differential diagnosis.


Second, EDX studies often can define whether the underlying pathophysiology is demyelination or axonal loss. Although most demyelinating neuropathies have some secondary axonal loss and many axonal loss neuropathies have some secondary demyelination, EDX studies usually can differentiate between a primary demyelinating and a primary axonal neuropathy. Because EDX studies usually can make this differentiation quickly and non-invasively, nerve biopsy is essentially never required to make this determination. Furthermore, the differentiation between primary axonal and primary demyelinating pathology is of considerable diagnostic and prognostic importance, especially in the case of polyneuropathies. The vast majority of polyneuropathies are associated with primary axonal degeneration, which has an extensive differential diagnosis. In contrast, the number of true electrophysiologic primary demyelinating neuropathies is extremely small. They are generally subdivided into those that are inherited and those that are acquired. EDX studies can typically make that determination as well. The finding of an unequivocal primary demyelinating polyneuropathy on EDX studies often leads quickly to the correct diagnosis and, in the case of an acquired demyelinating polyneuropathy, often suggests a potentially treatable disorder.









Assessing the Degree of Axonal Loss versus Demyelination has Implications for Severity and Prognosis


A nerve that has sustained a demyelinating injury often can remyelinate in a very short time, usually weeks. However, if there has been substantial axonal loss, whether primary or secondary, the prognosis is much more guarded. The rate of axonal regrowth is limited by the rate of slow axonal transport, approximately 1 mm per day. Clinically, axonal loss lesions can rarely be differentiated from demyelinating ones, especially in the acute setting. For example, in a patient who awakens with a complete wrist and finger drop, the etiology usually is compression of the radial nerve against the spiral groove of the humerus. However, the paralysis could result from either conduction block (i.e., demyelination) or axonal loss, depending on the severity and duration of the compression. Clinically, both conditions appear the same. Nevertheless, if the injury is due to axonal loss, it has a much worse prognosis and a longer rehabilitation time to recovery than a similarly placed lesion that is predominantly demyelinating in nature. EDX studies can readily differentiate axonal from demyelinating lesions.









Assessment of the Temporal Course can Often be Made


For neuropathic conditions, there is an orderly, temporal progression of abnormalities that occurs in NCSs and needle EMG. A combination of findings often allows differentiation among hyperacute (less than one week), acute (up to a few weeks), subacute (weeks to a few months), and chronic (more than a few months) lesions. The time course suggested by the EDX findings may alter the impression and differential diagnosis. For example, it is not uncommon for a patient to report an acute time course to his or her symptoms, whereas the EDX studies clearly indicate that the process has been present for a longer period of time than the patient has been aware of.


Conversely, the temporal course described by the patient may impact the interpretation of the EDX findings. For instance, the finding of a normal ulnar sensory nerve action potential recording the little finger, in a patient with numbness of the little finger, has very different implications depending on the time course of the symptoms. If the symptoms are truly less than one week in duration, the normal ulnar sensory response could indicate an ulnar neuropathy (with incomplete wallerian degeneration), a proximal demyelinating lesion, or a lesion at the level of the nerve root or above. On the other hand, if the symptoms have been present for several weeks or longer, the same finding would indicate either a proximal demyelinating lesion or a lesion at the level of the nerve root or above. These temporal changes underscore the electromyographer’s need to know the clinical time course of symptoms and signs in order to ensure an accurate interpretation of any electrophysiologic abnormalities.












Myopathic Localization


In the case of myopathic (i.e., muscle) disease, EDX studies can also add key information to further define the condition (Figure 1–4). First, the distribution of the abnormalities may suggest a particular diagnosis: are they proximal, distal or generalized? Most myopathies preferentially affect proximal muscles. Few myopathies, such as myotonic dystrophy type I, affect distal muscles. Some very severe myopathies (e.g., critical illness myopathy) can be generalized. In rare myopathies, there is prominent bulbar weakness; accordingly, EDX abnormalities may be most prominent in the bulbar muscles. Most myopathies are fairly symmetric; the finding of asymmetry either clinically and/or on EDX studies can be very helpful in narrowing the differential diagnosis. For example, inclusion body myositis may present asymmetrically, whereas polymyositis and dermatomyositis do not.
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FIGURE 1–4 Key EDX findings in a myopathic localization.




Second, the presence of spontaneous activity on needle EMG is helpful in limiting the differential diagnosis and suggesting certain underlying pathologies. Most myopathies are bland with little or no spontaneous activity. However, myopathies which are inflammatory, necrotic and some which are toxic may be associated with active denervation. In addition, other myopathies may have prominent myotonic discharges at rest. The presence of myotonic discharges in a myopathy markedly narrows the differential diagnosis to only a few possible disorders.


Lastly is the issue of the temporal course. Although this determination is more challenging than with neuropathic lesions, in some myopathies, a determination can be made if the myopathy is acute, subacute, or chronic, a finding which again narrows the differential diagnosis.









Neuromuscular Junction Localization


Disorders of the neuromuscular junction (NMJ) are distinctly uncommon. However, when they occur, EDX studies not only help in identifying them, but can add other key pieces of information (Figure 1–5). First is the distribution of the abnormalities on EDX testing: are they proximal, bulbar or generalized? For instance, myasthenia gravis preferentially affects oculobulbar muscles and then proximal muscles on EDX studies, whereas myasthenic syndrome is a generalized disorder on EDX studies, although clinically it has a predilection for proximal muscles.
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FIGURE 1–5 Key EDX findings in a neuromuscular junction localization.




Broadly speaking, the underlying pathology can be divided into pre-synaptic and post-synaptic disorders. EDX studies are usually very good at making this determination. Myasthenia gravis is the prototypic post-synaptic disorder, whereas myasthenic syndrome and botulism target the pre-synaptic junction.


Lastly is the issue of the etiology of the NMJ disorder, whether it is acquired or inherited. Almost all NMJ disorders are acquired. However, there are rare inherited NMJ disorders. In some of these, there may be unique findings on EDX testing that suggest one of these rare disorders.












Patient Encounter


Every EDX study begins with a brief history and directed physical examination (Box 1–2). This point cannot be overemphasized. Some may (incorrectly) argue that the history and clinical exam are not part of the EDX exam, and that the EDX needs to stand on its own. Nothing could be further from the truth. One is not expected to perform the same detailed history and physical examination that is done in the office consultation setting. However, before starting every study, the EDX physician must know some basic facts:




• What are the patient’s symptoms?


• How long have they being going on?


• Is there any important past medical history (e.g., diabetes, history of chemotherapy, etc.)?


• Is there muscle atrophy?


• What is the muscle tone (normal, decreased or increased)?


• Is there weakness and, if so, where is it and how severe is it?


• What do the reflexes show (normal, decreased or increased)?


• Is there any loss of sensation and, if so, what is the distribution; what modalities are disturbed (e.g., temperature, pain, vibration, etc.)?








Box 1–2 


Patient Encounter







1. Take a brief history and perform a directed physical examination


2. Formulate a differential diagnosis


3. Formulate a study based on the differential diagnosis


4. Explain the test to the patient


5. Perform the nerve conduction studies and modify which nerve conduction studies to add based on the findings as the test proceeds


6. Perform the needle electromyography study and modify which additional muscles to sample, based on the findings as the test proceeds








The duration, type, and distribution of symptoms, along with the physical examination, help determine the differential diagnosis, which in turn is used to plan the EDX studies. The EDX study is planned only after the differential diagnosis is determined. For instance, the EDX evaluation of a patient with slowly progressive proximal weakness is very different from that of a patient with numbness and tingling of the fourth and fifth fingers. In the former case, the differential diagnosis includes disorders of the anterior horn cell, motor nerve, neuromuscular junction, or muscle. In the latter case, the differential diagnosis includes an ulnar neuropathy at its various entrapment sites, a lower trunk brachial plexus lesion, or cervical radiculopathy. The EDX plan includes which nerves and muscles to study and whether specialized tests, such as repetitive nerve stimulation, may be helpful. The study can always be amended as the testing proceeds. Before beginning, however, one should first explain to the patient in simple terms what the test involves. Many patients are very anxious about the examination and may have slept poorly or not at all the night before the EDX study. A simple explanation, both before the test begins and while it is ongoing, can greatly reduce a patient’s anxiety.


After the test is explained to the patient, the NCSs are performed first, followed by the needle EMG. A proper balance must be maintained among obtaining a thorough study, collecting the necessary information to answer the clinical question, and minimizing patient discomfort. If performed correctly, nearly all NCSs and needle EMG can be completed within 1.0 to 1.5 hours. Rarely, a longer study is needed if specialized tests such as repetitive nerve stimulation are performed in addition to the standard studies. There clearly is a limit to what most patients can tolerate. The electromyographer should always remember the Willy Sutton rule concerning robbing banks: “Go where the money is.” If there is any question as to whether a patient will tolerate the entire examination, the study should begin with the area of interest. For instance, in the patient with numbness and tingling of the fourth and fifth fingers, the ulnar motor and sensory studies should be done first. Likewise, needle EMG examination of the ulnar-innervated muscles, as well as the C8-T1 non-ulnar-innervated muscles, are of most interest in such a patient. Plan ahead and consider which nerve conduction studies and needle examination of which muscles should be performed first, in case the patient can tolerate only one or two nerve conductions or examination of only a few muscles by EMG.









Cardinal Rules of Nerve Conduction Studies and Electromyography


EDX studies rely on the physician’s ability to pay meticulous attention to technical details during the study while keeping in mind the bigger picture of why the study is being performed. As more data are obtained, the study must be analyzed in real time and the test altered as needed. Analysis of online results gives the electromyographer the opportunity to modify the strategy as the testing proceeds, an opportunity that is lost once the patient has left the laboratory. The following cardinal rules of EDX studies should always be kept in mind while an EDX study is being performed (Figure 1–6):




1. NCSs and EMG are an extension of the clinical examination. NCSs and EMG cannot be performed without a good clinical examination. Every examination must be individualized based on the patient’s symptoms and signs and the resulting differential diagnosis. If marked abnormalities are found on electrophysiologic testing in the same distribution where the clinical examination is normal, either the clinical examination or the electrophysiologic testing must be called into question. One usually finds that the better the clinical examination, the better the differential diagnosis, and thus the more clearly directed the EDX studies will be.


2. When in doubt, always think about technical factors. EDX studies rely upon collecting and amplifying very small bioelectric signals in the millivolt and microvolt range. Accomplishing this is technically demanding; a large number of physiologic and non-physiologic factors can significantly interfere with the accuracy of the data. Accurate NCSs and EMG depend on intact equipment (e.g., EMG machine, electrodes, and stimulator), as well as correct performance of the study by the electromyographer. Technical problems can easily lead to absent or abnormal findings. Failure to recognize technical factors that influence the EDX study can result in type I errors (i.e., diagnosing an abnormality when none is present), and type II errors (i.e., failing to recognize an abnormality when one is present). Although both are important, type I errors are potentially more serious (e.g., the patient is labeled with an abnormal EDX study result, such as neuropathy, when the “abnormality” on the EDX testing is simply due to unrecognized technical errors). Such faulty diagnoses can lead to further inappropriate testing and treatment. If there is an unexpected abnormal EDX finding that does not fit the clinical examination, the lack of a clinical–electrophysiologic correlation should suggest a technical problem. For instance, if a routine sural nerve sensory conduction study shows an absent potential but the patient has a normal sensory examination of the lateral foot (i.e., sural territory), one should suspect a technical problem (e.g., improper electrode placement or too low stimulus intensity). If the data are not technically accurate, then correct data interpretation can never occur, either at the time of the study or later by the treating physician.


3. When in doubt, reexamine the patient. This is essentially an extension of cardinal rule number 1. In the example given with rule number 2, if the sural sensory response is absent after all possible technical factors have been corrected, the clinician should reexamine the patient. If the patient has clear loss of vibration at the ankles, there is less concern about an absent sural sensory response. If the patient’s sensory examination is normal on reexamination, the absent sensory response does not fit the clinical findings, and technical factors should be investigated further.


4. EDX findings should be reported in the context of the clinical symptoms and the referring diagnosis. In every study, electrophysiologic abnormalities must be correlated with the clinical deficit. Because electrophysiologic studies are quite sensitive, it is not uncommon for the electromyographer to discover mild, subclinical deficits of which the patient may not be aware. For example, a diabetic patient referred to the EMG laboratory for polyneuropathy may show electrophysiologic evidence of a superimposed ulnar neuropathy but have no symptoms of such. Accordingly, the electromyographer should always report any electrophysiologic abnormality in the context of its clinical relevance so that it can be properly interpreted.


5. When in doubt, do not overcall a diagnosis. Because electrophysiologic tests are very sensitive, mild, subclinical, and sometimes clinically insignificant findings often appear on EDX testing. This occurs partly because of the wide range of normal values, which vary with the nerve and muscle being tested. In addition, there are a variety of physiologic and non-physiologic factors that may alter the results of both NCSs and EMG, despite attempts to control for them. These factors, often when combined, may create minor abnormalities. Such minor abnormalities should not be deemed relevant unless they correlate with other electrophysiologic findings and, most importantly, with the clinical history and examination. It is a mistake to overcall an electrophysiologic diagnosis based on minor abnormalities or on findings that do not fit together well. Sometimes, the clinical or electrophysiologic diagnosis is not clear-cut and a definite diagnosis cannot be reached.
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FIGURE 1–6 Cardinal rules of nerve conduction studies and electromyography.




Occasionally, NCSs and EMG are clearly and definitely abnormal but a precise diagnosis still cannot be determined. For example, consider the patient whose clinical history and examination suggest an ulnar neuropathy at the elbow. The EDX study often demonstrates abnormalities of the ulnar nerve in the absence of any localizing findings, such as conduction block or slowing across the elbow. Although the referring surgeon usually wants to know whether the ulnar neuropathy is at the elbow, often the only accurate impression the electromyographer can give is one of a non-localizable ulnar neuropathy that is at, or proximal to, the most proximal abnormal ulnar-innervated muscle found on EMG.


6. Always think about the clinical–electrophysiologic correlation. This rule combines all of the earlier rules. One usually can be certain of a diagnosis when the clinical findings, NCSs, and EMG abnormalities all correlate well. Consider again the example of the patient with weakness of the hand and tingling and numbness of the fourth and fifth fingers. If NCSs demonstrate abnormal ulnar motor and sensory potentials associated with slowing across the elbow, and the needle EMG shows denervation and reduced numbers of motor unit potentials in all ulnar-innervated muscles and a normal EMG of all non-ulnar-innervated muscles, there is a high degree of certainty that the patient truly has an ulnar neuropathy at the elbow, and the electrophysiologic abnormalities are indeed relevant.





If all three results fit together, the diagnosis is secure. However, if the NCSs and EMG findings do not fit together and, more importantly, they do not correlate with the clinical findings, the significance of any electrical abnormalities should be seriously questioned. Consider a patient with pain in the arm who has an otherwise normal history and examination. If the NCSs are normal except for a low ulnar sensory potential and the EMG demonstrates only mild reinnervation of the biceps, one should be reluctant to interpret the study as showing a combination of an ulnar neuropathy and a C5 radiculopathy. These mild abnormalities, which are not substantiated by other electrophysiologic findings and do not have clear clinical correlates, may have little to do with the patient’s pain. In such a case, the patient should be reexamined. If no clinical correlate is found, the studies should be rechecked. If the abnormalities persist, they may be noted as part of the impression but interpreted as being of uncertain clinical significance.


When performed properly, NCSs and EMG can be very helpful to the referring physician. However, the limitations of EDX studies must be appreciated, technical factors well controlled, and a good differential diagnosis established before each study. Otherwise, the study may actually do a disservice to the patient and to the referring physician by leading them astray by way of minor, irrelevant, or technically induced “abnormalities.” If the cardinal rules of NCSs and EMG are kept in mind, EDX studies are far more likely to be of help to the referring clinician and the patient with a neuromuscular disorder.













2 Anatomy and Neurophysiology


The electromyographer need not have detailed knowledge of all the electrical and chemical events that occur at a molecular level in order to perform an electrodiagnostic (EDX) study. However, every electromyographer must have a basic understanding of anatomy and physiology in order to plan, perform, and properly interpret an EDX study. In the everyday evaluation of patients with neuromuscular disorders, nerve conduction studies (NCSs) and electromyography (EMG) serve primarily as extensions of the clinical examination. Knowledge of gross nerve and muscle anatomy is required to be able to perform these studies. For NCSs, one needs to know the location of the various peripheral nerves and muscles so that the stimulating and recording electrodes are properly positioned. For the needle EMG study, knowledge of gross muscle anatomy is crucial for inserting the needle electrode correctly into the muscle being sampled. On the microscopic level, knowledge of nerve and muscle anatomy and basic neurophysiology are required to appreciate and interpret the EDX findings both in normal individuals and in patients with various neuromuscular disorders. Lastly, knowledge of anatomy and physiology are crucial to understanding the technical aspects of the EDX study and appreciating its limitations and potential pitfalls.






Anatomy


The strict definition of the peripheral nervous system includes that part of the nervous system in which the Schwann cell is the major supporting cell, as opposed to the central nervous system in which the glial cells are the major support cells. The peripheral nervous system includes the nerve roots, peripheral nerves, primary sensory neurons, neuromuscular junctions (NMJs), and muscles (Figure 2–1). Although not technically part of the peripheral nervous system, the primary motor neurons (i.e., anterior horn cells), which are located in the spinal cord, are often included as part of the peripheral nervous system as well. In addition, cranial nerves III through XII are also considered to be part of the peripheral nervous system, being essentially the same as peripheral nerves, except that their primary motor neurons are located in the brainstem rather than the spinal cord.
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FIGURE 2–1 Elements of the peripheral nervous system.


The peripheral nervous system includes the peripheral motor and sensory nerves; their primary neurons, the anterior horn cells, and dorsal root ganglia; the neuromuscular junctions (NMJs); and muscle. The dorsal root ganglion, a bipolar cell located distal to the sensory root, is anatomically different from the anterior horn cell. Consequently, lesions of the nerve roots result in abnormalities of motor nerve conduction studies but do not affect the sensory conduction studies, as the dorsal root ganglion and its peripheral nerve remain intact.




The primary motor neurons, the anterior horn cells, are located in the ventral gray matter of the spinal cord. The axons of these cells ultimately become the motor fibers in peripheral nerves. Their projections first run through the white matter of the anterior spinal cord before exiting ventrally as the motor roots. In contrast to the anterior horn cell, the primary sensory neuron, also known as the dorsal root ganglion (DRG), is not found within the substance of the spinal cord itself but rather lies outside the spinal cord, near the intervertebral foramen. The dorsal root ganglia are bipolar cells with two separate axonal projections. Their central projections form the sensory nerve roots. The sensory roots enter the spinal cord on the dorsal side to either ascend in the posterior columns or synapse with sensory neurons in the dorsal horn. The peripheral projections of the DRGs ultimately become the sensory fibers in peripheral nerves. Because the DRGs lie outside the spinal cord, this results in a different pattern of sensory nerve conduction abnormalities, depending on whether the lesion is in the peripheral nerve or proximal to the DRG, at the root level (see Chapter 3).


Motor and sensory roots at each spinal level unite distal to the DRG to become a mixed spinal nerve. There are 31 pairs of spinal nerves (8 cervical, 12 thoracic, 5 lumbar, 5 sacral, 1 coccygeal; Figure 2–2). Each spinal nerve divides into a dorsal and ventral ramus (Figure 2–3). Unlike the dorsal and ventral nerve roots, the dorsal and ventral rami both contain motor and sensory fibers. The dorsal ramus runs posteriorly to supply sensory innervation to the skin over the spine and muscular innervation to the paraspinal muscles at that segment. The ventral ramus differs, depending on the segment within the body. In the thoracic region, each ventral ramus continues as an intercostal nerve. In the lower cervical to upper thoracic (C5–T1) region, the ventral rami unite to form the brachial plexus (Figure 2–4). In the mid-lumbar to sacral regions, the ventral rami intermix to form the lumbosacral plexus (Figure 2–5).
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FIGURE 2–2 Spinal cord and nerve roots.


The spinal cord is divided into 31 segments (8 cervical, 12 thoracic, 5 lumbar, 5 sacral, and 1 coccygeal). At each segment, motor and sensory fibers leave the spinal cord as nerve roots before exiting the bony spinal column. In the adult, the spinal cord usually ends at the level of the L1 vertebra. Consequently, below this level, only the lumbosacral nerve roots, known as the cauda equina, are present within the spinal column.


(From Haymaker, W., Woodhall, B., 1953. Peripheral nerve injuries. WB Saunders, Philadelphia, with permission.)
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FIGURE 2–3 Nerve roots and rami.


The motor root, originating from anterior horn cells, leaves the cord ventrally, whereas the sensory root enters the cord on the dorsal side. Immediately distal to the dorsal root ganglion, the motor and sensory roots come together to form the spinal nerve. Each spinal nerve quickly divides into a dorsal and ventral ramus. Each ramus contains both motor and sensory fibers. The dorsal rami supply sensation to the skin over the spine and muscular innervation to the paraspinal muscles. The ventral rami continue as intercostal nerves in the thoracic region. In the lower cervical region, the ventral rami fuse to form the brachial plexus. In the mid-lumbar through sacral segments, the ventral rami intermix to form the lumbosacral plexus.
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FIGURE 2–4 Brachial plexus.


The ventral rami of the C5–T1 nerve roots intermix to form the brachial plexus between the neck and shoulder. From the brachial plexus, the major upper extremity peripheral nerves are derived.


(From Hollinshead, W.H., 1969. Anatomy for surgeons, volume 2: the back and limbs. Harper & Row, New York, with permission.)
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FIGURE 2–5 Lumbosacral plexus.


The L1–S4 nerve roots intermix in the pelvis to form the lumbosacral plexus. From this plexus, the individual major peripheral nerves of the lower extremity are derived.


(From Mayo Clinic and Mayo Foundation. 1956. Clinical examinations in neurology. WB Saunders, Philadelphia, with permission.)





Within each plexus, motor and sensory fibers from different nerve roots intermix to ultimately form individual peripheral nerves. Each peripheral nerve generally supplies muscular innervation to several muscles and cutaneous sensation to a specific area of skin, as well as sensory innervation to underlying deep structures. Because of this arrangement, motor fibers from the same nerve root supply muscles innervated by different peripheral nerves, and sensory fibers from the same nerve root supply cutaneous sensation in the distribution of different peripheral nerves. For instance, the C5 motor root supplies the biceps (musculocutaneous nerve), deltoid (axillary nerve), and brachioradialis (radial nerve), among other muscles (Figure 2–6). Similarly, C5 sensory fibers innervate the lateral arm (axillary nerve) and forearm (lateral antebrachial cutaneous sensory nerve), in addition to other nerves.
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FIGURE 2–6 Myotomal and peripheral nerve innervation.


Motor fibers from one nerve root, a myotome, supply muscles innervated by different peripheral nerves. For example, the C5 motor root supplies the biceps (musculocutaneous nerve), deltoid (axillary nerve), and brachioradialis (radial nerve), among other muscles.


(Adapted from Haymaker, W., Woodhall, B., 1953. Peripheral nerve injuries. WB Saunders, Philadelphia, with permission.)





All muscles supplied by one spinal segment (i.e., one nerve root) are known as a myotome, whereas all cutaneous areas supplied by a single spinal segment are known as a dermatome (Figure 2–7). For both myotomes and dermatomes, there is considerable overlap between adjacent segments. Because of the high degree of overlap between spinal segments, a single root lesion seldom results in significant sensory loss and never in anesthesia. Likewise, on the motor side, even a severe single nerve root lesion usually results in only mild or moderate weakness and never in paralysis. For instance, a severe lesion of the C6 motor root causes weakness of the biceps; however, paralysis would not occur because C5 motor fibers also innervate the biceps. In contrast, a severe peripheral nerve lesion usually results in marked sensory and motor deficits because contributions from several myotomes and dermatomes are affected.
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FIGURE 2–7 Dermatomes.


The cutaneous area supplied from one spinal segment (i.e., one sensory nerve root) is known as a dermatome. Despite the apparent simplicity of dermatomal charts, in actuality, there is a wide overlap of adjacent dermatomes. Consequently, a nerve root lesion, even if severe, never results in anesthesia but rather altered or decreased sensation.


(From O’Brien M.D., 1986. Aids to the examination of the peripheral nervous system. Baillière Tindall, London.)





At the microscopic level, nerve fibers are protected by three different layers of connective tissue: the epineurium, perineurium, and endoneurium (Figure 2–8). The thick epineurium surrounds the entire nerve and is in continuity with the dura mater at the spinal cord level. Within the epineurium, axons are grouped into fascicles, surrounded by perineurium. A final layer of connective tissue, the endoneurium, is present between individual axons. Effectively, a blood–nerve barrier is formed by the combination of vascular endothelium supplying the nerve and the connective tissue of the perineurium. Together, the three layers of connective tissue give peripheral nerve considerable tensile strength, usually in the range of 20 to 30 kg. However, the weakest point of a nerve occurs where the nerve roots meet the spinal cord, where the nerve can sustain only 2 to 3 kg of force. For this reason, nerve root avulsion may occur after a significant trauma and especially after a stretch injury.
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FIGURE 2–8 Internal peripheral nerve anatomy.


Myelinated fibers are recognized as small dark rings (myelin) with a central clearing (axon) in this one micron thick, semi-thin section of plastic embedded nerve tissue. The endoneurium is present between axons. Axons are grouped into fascicles, surrounded by perineurium (small arrows). Surrounding the entire nerve is the last layer of connective tissue, the epineurium (large arrow).











Physiology


The primary role of nerve is to transmit information reliably from the anterior horn cells to muscles for the motor system and from the sensory receptors to the spinal cord for the sensory system. Although functionally nerves may seem similar to electrical wires, there are vast differences between the two. At the molecular level, a complex set of chemical and electrical events allows nerve to propagate an electrical signal.


The axonal membrane of every nerve is electrically active. This property results from a combination of a specialized membrane and the sodium/potassium (Na+/K+) pump (Figure 2–9). The specialized axonal membrane is semipermeable to electrically charged molecules (anions and cations). The membrane is always impermeable to large negatively charged anions, and it is relatively impermeable to sodium in the resting state. This semipermeable membrane, in conjunction with an active Na+/K+ pump that moves sodium outside in exchange for potassium, leads to concentration gradients across the membrane. The concentration of sodium is larger outside the membrane, whereas the concentration of potassium and larger anions is greater inside. The combination of these electrical and chemical gradients results in forces that create a resting equilibrium potential. At the nerve cell soma, this resting membrane potential is approximately 70 mV negative inside compared with the outside; distally in the axon it is approximately 90 mV negative.
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FIGURE 2–9 Resting membrane potential.


At rest, the axonal membrane is negatively polarized, inside compared to outside. This resting potential results from the combination of a membrane that is semipermeable to charged particles and an active Na+/K+ pump. At rest, the concentration of Na+ and Cl− is higher in the extracellular space, with the concentration of K+ and large anions (A−) greater inside the axon.




The membrane of the axon is lined with voltage-gated sodium channels (Figure 2–10). These structures are essentially molecular pores with gates that open and close. For many ion channels, gates open in response to molecules that bind to the channel. In the case of the voltage-gated sodium channel, the gate is controlled by a voltage sensor that responds to the level of the membrane potential. If current is injected into the axon, depolarization occurs (i.e., the axon becomes more positive internally). Voltage sensors within the sodium channel respond to the depolarization by opening the gate to the channel and allowing sodium to rush into the axon, driven both by concentration and by electrical gradients. Every time a depolarization of 10 to 30 mV occurs above the resting membrane potential (i.e., threshold), it creates an action potential and a cycle of positive feedback; further depolarization occurs and more sodium channels open (Figure 2–11). Action potentials are always all-or-none responses, which then propagate away from the initial site of depolarization. The axon does not remain depolarized for long, however, because the opening of the sodium channels is time limited. Sodium channels have a second gate, known as the inactivation gate. Inactivation of the sodium channel occurs within 1 to 2 ms. During this time, the membrane is not excitable and cannot be opened (i.e., refractory period). The inactivation gate of the sodium channel has been modeled as a “hinged lid.” From a practical point of view, the refractory period limits the frequency that nerves can conduct impulses. It also ensures that the action potential continues to propagate in the same direction (i.e., the area of nerve behind the depolarization is refractory when the area ahead is not, so that the impulse will continue forward and will not return backwards).
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FIGURE 2–10 Voltage-gated sodium channel.


The axonal membrane is lined with voltage-gated sodium channels. These channels are molecular pores with gates that open and close; when open, gates are selective for sodium A. There are two gates: an activation gate (large arrow) and an inactivation gate (small arrow). If current is injected into the axon, depolarization occurs, and the voltage-gated activation gate opens, allowing the influx of sodium into the axon B, driven both by concentration and electrical gradients. However, the opening of the sodium channels is time limited. Inactivation of the sodium channel occurs within 1 to 2 ms C. The inactivation gate of the sodium channel has been modeled as a “hinged lid,” which closes the end of the channel within 1 to 2 ms of depolarization, preventing further depolarization.
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FIGURE 2–11 Action potential.


When the resting membrane voltage (Vm) is depolarized to threshold, voltage-gated sodium channels are opened, increasing Na+ conductance (gNa), resulting in an influx of sodium and further depolarization. The action potential, however, is short lived, due to the inactivation of the sodium channels within 1 to 2 ms and an increase in K+ conductance (gk). These changes, along with the Na+/K+ pump, allow the axon to reestablish the resting membrane potential.




In addition to sodium channel inactivation, depolarization also results in the opening of potassium channels, which also then drives the membrane voltage more negative. These factors, along with the Na+/K+ pump, then reestablish the resting membrane potential.


The conduction velocity of the action potential depends on the diameter of the axon: the larger the axon, the less resistance and the faster the conduction velocity. For typical unmyelinated axons the conduction velocity of an action potential is very slow, typically in the range of 0.2 to 1.5 m/s. Conduction velocity can be greatly increased with the addition of myelin. Myelin insulation is present on all fast-conducting fibers and is derived from Schwann cells, the major supporting cells in the peripheral nervous system. Myelin is composed of concentric spirals of Schwann cell membrane (Figure 2–12). For every myelinated fiber, successive segments are myelinated by single Schwann cells. Each segment of the axon covered by myelin is termed the “internode.” At small gaps between successive internodes, the axon is exposed; these areas are known as the nodes of Ranvier. They are very small, in the range of 1–2 µm in length.
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FIGURE 2–12 Schwann cell and the myelin sheath.


Left: Electron micrograph of a single Schwann cell and myelinated axon. Right: Schematic of the same. Myelin insulation is derived from Schwann cells and is present on all fast-conducting fibers, both motor and sensory. Myelin is composed of concentric spirals of Schwann cell membrane, with each Schwann cell supporting a single myelinated axon.




Most of the nerve is effectively insulated with myelin, and depolarization occurs by way of saltatory conduction, whereby depolarization occurs only at the nodes of Ranvier. After one node depolarizes, the current jumps to the next adjacent node, and the cycle continues (Figure 2–13). The physiology of normal saltatory conduction was first shown in a series of elegant experiments on normal animal myelinated nerve fibers, recording along the motor root in very small increments, and measuring the current as a function of distance and latency (Figure 2–14). From an electrical point of view, myelin insulates the internode and reduces the capacitance. A lower capacitance results in less current lost as the action potential jumps from node to node. Although more current is needed for saltatory conduction than for continuous conduction, much less nerve membrane has to be depolarized. For unmyelinated fibers, depolarization has to occur over the entire length of the nerve (i.e., continuous conduction), which takes more time than in myelinated fibers. In myelinated fibers, the axonal membrane only needs to depolarize at the nodes of Ranvier; the internodes do not depolarize, but rather the action potential jumps over them. As the internode is approximately 1 mm in length and the node of Ranvier is only 1–2 µm in length, markedly less axonal membrane needs to depolarize in order to propagate an action potential. The lower the total depolarization time, the faster the conduction velocity. In myelinated axons, the density of sodium channels is highest in nodal areas, the areas undergoing depolarization. Myelinated human peripheral nerve fibers typically conduct in the range of 35 to 75 m/s, far faster than could ever be achieved by increasing the diameter of unmyelinated fibers. Not all human peripheral nerve fibers are myelinated. Unmyelinated fibers, which conduct very slowly (typically 0.2–1.5 m/s), primarily mediate pain, temperature, and autonomic functions. Schwann cells also support these unmyelinated fibers; however, one Schwann cell typically surrounds several unmyelinated fibers, but without the formation of concentric spirals of myelin.





[image: image]

FIGURE 2–13 Saltatory conduction.


Myelinated fibers propagate action potentials by way of saltatory conduction. Depolarization only occurs at the small uninsulated areas of membrane between internodes, with the action potential jumping from node to node. Thus, less membrane needs to be depolarized, less time is required, and, consequently, conduction velocity dramatically increases. Most human peripheral myelinated fibers conduct in the range of 35 to 75 m/s.
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FIGURE 2–14 Demonstration of saltatory conduction.


Recording of a normal single fiber from an intact ventral root in a rat: A: successive records of external longitudinal current recorded from a single fiber as electrodes were moved along a ventral root in steps of 0–2 mm. B: Lines from each record indicate positions of electrodes with respect to underlying nodes and internodes. C: Latency to peak of external longitudinal current as a function of distance. Note how the distance/latency graph is a “staircase” configuration. As current proceeds down a normal myelinated axon, the latency (i.e., the conduction time) abruptly increases approximately every 1.0–1.5 mm. This is the depolarization time at the nodes of Ranvier. Conversely, note the flat part of the staircase graph; here the latency stays almost exactly the same despite a change in distance. This is the saltatory conduction jumping from node to node.


(From Rasminsky, M., Sears, T.A., 1972. Internodal conduction in undissected demyelinated nerve fibres. J Physiol 227, 323–350, with permission.)





When an individual axon is depolarized, an action potential propagates down the nerve. Distally, the axon divides into many twigs, each of which goes to an individual muscle fiber. An axon, along with its anterior horn cell and all muscle fibers with which it is connected, is known as a motor unit (Figure 2–15). Depolarization of all the muscle fibers in a motor unit creates an electrical potential known as the motor unit action potential (MUAP). Analysis of MUAPs is an important part of every needle EMG examination. When an action potential is generated, all muscle fibers in the motor unit are normally activated, again an all-or-none response. However, before a muscle fiber can be activated, the nerve action potential must be carried across the NMJ. The NMJ is essentially an electrical–chemical–electrical link from nerve to muscle. It is formed from two specialized membranes, one on nerve and one on muscle, separated by a thin synaptic cleft (Figure 2–16). As a nerve action potential travels to the presynaptic side of the NMJ, voltage-gated calcium (Ca+) channels are activated, allowing an influx of Ca+. Increasing Ca+ concentration results in the release of acetylcholine, the neurotransmitter at the NMJ. Acetylcholine diffuses across the synaptic cleft to bind to specialized acetylcholine receptors on the muscle membrane. These receptors, when activated, allow an influx of sodium and depolarization of the muscle fiber. As is the case with nerve, once threshold is reached, a muscle fiber action potential is created that spreads throughout the muscle fiber. Following the muscle fiber action potential, a complex set of molecular interactions occurs within the muscle fiber, resulting in increasing overlap of the major muscle fiber filaments: actin and myosin, with the final result of muscle shortening, contraction, and generation of force (Figure 2–17).
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FIGURE 2–15 Motor unit.


The motor unit is defined as one axon, its anterior horn cell, and all connected muscle fibers and neuromuscular junctions. A nerve fiber action potential normally always results in depolarization of all the muscle fibers of the motor unit creating an electrical potential known as the motor unit action potential (MUAP). Analysis of motor unit action potentials is a large part of the needle electromyographic examination.
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FIGURE 2–16 Neuromuscular junction.


The neuromuscular junction is a specialized junction between the terminal axon and muscle fiber. When the nerve action potential invades the presynaptic terminal, acetylcholine is released and diffuses across the synaptic cleft to bind to acetylcholine receptors on the muscle membrane. This binding results in a muscle endplate potential, which, once threshold is reached, causes the generation of a muscle fiber action potential.
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FIGURE 2–17 Actin and myosin.


Following a muscle fiber action potential, muscle contraction results from a complex set of molecular interactions, ultimately ending with the overlapping of two interlacing muscle proteins, actin and myosin. This overlap, which occurs along with the formation of energy-dependent cross-bridges, effectively results in shortening of the muscle and the generation of force. Actin filaments are connected by Z lines. The sarcomere, a unit of muscle, is defined from one Z line to the next. The overlapping pattern of actin and myosin filaments gives muscle its striated appearance.











Classification


Multiple peripheral nerve classification schemes exist (Table 2–1). Peripheral nerves can be classified based on the following attributes: (1) myelinated or unmyelinated, (2) somatic or autonomic, (3) motor or sensory, and (4) diameter.




Table 2–1 Peripheral Nerve Classification Schemes
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There are several important points to glean from Table 2–1, some of which are directly relevant to clinical electrodiagnostic testing. First is the direct relationship between fiber diameter and conduction velocity: the larger the diameter, the faster the conduction velocity. The large myelinated fibers are the fibers that are measured in clinical NCSs. Indeed, all routine motor and sensory conduction velocity and latency measurements are from the largest and fastest fibers of the particular peripheral nerve that is being studied. Large-diameter fibers have the most myelin and the least electrical resistance, both of which result in faster conduction velocities. The small myelinated (Aδ, B) and unmyelinated (C) fibers carry autonomic information (afferent and efferent) and somatic pain and temperature sensations. These fibers are not recorded with standard nerve conduction techniques. Thus, neuropathies that preferentially affect only small fibers may not reveal any abnormalities on NCSs.


Second, routine sensory conduction studies typically record cutaneous nerves innervating skin. The largest and fastest cutaneous fibers are the Aβ fibers from hair and skin follicles. Note that the size and conduction velocities of these fibers are similar to those of the muscle efferent fibers from the anterior horn cells that are recorded during routine motor studies. These myelinated fibers have velocities in the range of 35 to 75 m/s.


Third, the largest and fastest fibers in the peripheral nervous system are not recorded during either routine motor or sensory NCSs. These are the muscle afferents, the Aα fibers (also known as Ia fibers), which originate from muscle spindles and mediate the afferent arc of the muscle stretch reflex. These fibers are recorded only during mixed nerve studies, in which the entire mixed nerve is stimulated and recorded. Therefore, mixed nerve conduction velocities usually are faster than either routine motor or cutaneous sensory conduction velocities because they contain these Ia fibers. Because the Ia fibers have the largest diameter and accordingly the greatest amount of myelin, they often are affected early by demyelinating lesions such as those found in entrapment neuropathies. For example, in the EDX evaluation of carpal tunnel syndrome, the mixed nerve study from the palm to the wrist often is more sensitive in detecting abnormalities than either the routine motor or sensory conduction study.









Recording


All potentials obtained during NCSs and needle EMG result from the extracellular recording of intracellular events, from either nerve or muscle. NCSs usually are performed by recording with surface electrodes over the skin, and EMG potentials by recording with a needle electrode placed within the muscle. In both procedures, intracellular electrical potentials are transmitted through tissue to the recording electrodes. The process of an intracellular electrical potential being transmitted through extracellular fluid and tissue is known as volume conduction. Although the theory of volume conduction is complex and beyond the scope of this text, volume-conducted potentials can be modeled as either near-field or far-field potentials. Near-field potentials can be recorded only close to their source, and the characteristics of the potential depend on the distance between the recording electrodes and the electrical source (i.e., the action potential). With near-field potentials, a response generally is not seen until the source is close to the recording electrodes. The closer the recording electrodes are to the current source, the higher the amplitude. Compound muscle action potentials, sensory nerve action potentials, and MUAPs recorded during routine motor conduction, sensory conduction, and needle EMG studies, respectively, are essentially all volume-conducted near-field potentials.


Volume-conducted, near-field potentials produce a characteristic triphasic waveform as an advancing action potential approaches and then passes beneath and away from a recording electrode (Figure 2–18, top). In practice, most sensory and mixed nerve studies display this triphasic waveform morphology, as do fibrillation potentials and most MUAPs. The electrical correlate of an action potential traveling toward, under, and then away from the recording electrode is an initial positive phase, followed by a negative phase and then a trailing positive phase, respectively. The first positive peak represents the time that the action potential is beneath the active electrode; this is the point at which the onset latency should be measured for nerve action potentials. The initial positive peak may be very small or absent with some sensory responses. In that case, the initial negative deflection best marks the true onset of the potential.
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FIGURE 2–18 Volume conduction and waveform morphology.


Top: An advancing action potential recorded by volume conduction will result in a triphasic potential that initially is positive, then is negative, and finally is positive again. Bottom: If the depolarization occurs directly beneath the recording electrode, the initial positive phase will be absent, and a biphasic, initially negative potential will be seen. Note that, by convention, negative is up and positive is down in all nerve conduction and electromyographic traces.




If a volume-conducted, near-field action potential begins directly under the recording electrode, the initial deflection will be negative (Figure 2–18, bottom). During routine motor NCSs, this is the expected compound muscle action potential morphology if the active electrode is correctly placed over the motor point (i.e., endplate) of the muscle. There is no advancing action potential, as muscle fiber depolarization begins at the endplate; hence, the waveform has no initial positive deflection. This results in a characteristic biphasic potential with an initial negative deflection (Figure 2–19, top). If the electrode is inadvertently placed off the motor point, a triphasic potential with an initial positive deflection will be seen (Figure 2–19, middle). If the depolarization occurs at a distance but never passes under the recording electrode, characteristically only a positive deflection will occur (Figure 2–19, bottom). For example, this pattern is seen when stimulating the median nerve and recording a hypothenar muscle, as might be done during routine motor studies looking for an anomalous innervation. The muscle action potential of the median-innervated thenar muscles occurs at a distance but never travels under the recording electrodes located over the hypothenar muscles. The result is a small positive deflection, volume-conducted potential.
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FIGURE 2–19 Volume conduction and motor potentials.


With the active recording electrode (G1) over the motor point, depolarization first occurs at that site, with the depolarization subsequently spreading away. The corresponding waveform has an initial negative deflection without any initial positivity (top trace). If the active recording electrode is off the motor point, depolarization begins distally and then travels under and past the active electrode, resulting in an initial positive deflection (middle trace). If the depolarization occurs at a distance and never travels under the recording electrode, only a small positive potential will be seen (bottom trace). Note that, by convention, negative is up and positive is down in all nerve conduction and electromyographic traces.




The other type of volume-conducted potential is the far-field potential. Far-field potentials are electrical potentials that are distributed widely and instantly. Two recording electrodes, one closer and the other farther from the source, essentially see the source at the same time. Although far-field potentials are more often of concern in evoked potential studies, they occasionally are important in NCSs. The stimulus artifact seen at the onset of all NCSs is a good example of a far-field potential (Figure 2–20). The shock artifact is instantly transmitted and is seen at the same time at distal and proximal recording sites. Those potentials whose latencies do not vary with distance from the stimulation site usually are all far-field potentials.
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FIGURE 2–20 Near-field and far-field potentials.


Median motor study, recording the abductor pollicis brevis muscle, stimulating at the wrist (top trace) and antecubital fossa (bottom trace). At each site, a compound muscle action potential is present, representing a near-field recording of the underlying muscle fiber action potentials. The compound muscle action potential latencies occur at different times, reflecting their different arrival times at the recording electrode. At the start of each trace is the stimulus artifact. The stimulus artifact is an example of a far-field potential, being transmitted instantaneously and seen at the same time, despite the difference in distances between the two stimulation sites.
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Section II


Fundamentals of Nerve Conduction Studies










3 Basic Nerve Conduction Studies


After the history is taken and a directed physical examination is performed, every study begins with the nerve conduction studies (NCSs). The needle electromyography (EMG) examination is performed after the NCSs are completed, because the findings on the NCSs are used in the planning and interpretation of the needle examination which follows.


Peripheral nerves usually can be easily stimulated and brought to action potential with a brief electrical pulse applied to the overlying skin. Techniques have been described for studying most peripheral nerves. In the upper extremity, the median, ulnar, and radial nerves are the most easily studied; in the lower extremity, the peroneal, tibial, and sural nerves are the most easily studied (see Chapters 10 and 11). Of course, the nerves selected for study depend on the patient’s symptoms and signs and the differential diagnosis. Motor, sensory, or mixed nerve studies can be performed by stimulating the nerve and placing the recording electrodes over a distal muscle, a cutaneous sensory nerve, or the entire mixed nerve, respectively. The findings from motor, sensory, and mixed nerve studies often complement one another, and yield different types of information based on distinct patterns of abnormalities, depending on the underlying pathology.






Motor Conduction Studies


Motor conduction studies are technically less demanding than sensory and mixed nerve studies; thus; they usually are performed first. Performing the motor studies first also has other major advantages. It is not uncommon for the sensory responses to be very low in amplitude or absent in many neuropathies. Performing the motor studies first allows one to know where the nerve runs, where it should be stimulated, and how much current is needed, and also gives some information about whether the nerve is normal or abnormal. On the other hand, if the sensory study is done before the motor study, one might spend a lot of unnecessary time stimulating and trying to record a sensory response which is not present. For example, imagine a patient with a moderately severe median neuropathy at the wrist who is sent for an EDX evaluation. If the median motor study is performed first, the correct stimulation site can be confirmed, the amount of current needed to stimulate the median nerve will be known, and one will also know that the median nerve is abnormal, before doing the median sensory study. Then, when performing the median sensory study, one is confident of where to stimulate the nerve and how much current is needed. In this case, if no sensory response is present, one can have a high degree of certainty that the response is truly absent, and move along to the next nerve to be studied. However, if the sensory conduction study is done first, and is absent, it will not be as obvious if the absent response is due to a technical problem, or is truly absent. One can waste a lot of time unnecessarily trying to figure this out. Do the motor conduction study first; your study will be more efficient, and the patient will tolerate the study much better.


Motor responses typically are in the range of several millivolts (mV), as opposed to sensory and mixed nerve responses, which are in the microvolt (µV) range. Thus, motor responses are less affected by electrical noise and other technical factors. For motor conduction studies, the gain usually is set at 2 to 5 mV per division. Recording electrodes are placed over the muscle of interest. In general, the belly–tendon montage is used. The active recording electrode (also known as G1) is placed on the center of the muscle belly (over the motor endplate), and the reference electrode (also known as G2) is placed distally, over the tendon to the muscle (Figure 3–1). The designations G1 and G2 remain in the EMG vernacular, referring to a time when electrodes were attached to grids (hence the G) of an oscilloscope. The stimulator then is placed over the nerve that supplies the muscle, with the cathode placed closest to the recording electrode. It is helpful to remember “black to black,” indicating that the black electrode of the stimulator (the cathode) should be facing the black recording electrode (the active recording electrode). For motor studies, the duration of the electrical pulse usually is set to 200 ms. Most normal nerves require a current in the range of 20 to 50 mA to achieve supramaximal stimulation. As current is slowly increased from a baseline 0 mA, usually by 5 to 10 mA increments, more of the underlying nerve fibers are brought to action potential, and subsequently more muscle fiber action potentials are generated. The recorded potential, known as the compound muscle action potential (CMAP), represents the summation of all underlying individual muscle fiber action potentials. When the current is increased to the point that the CMAP no longer increases in size, one presumes that all nerve fibers have been excited and that supramaximal stimulation has been achieved. The current is then increased by another 20% to ensure supramaximal stimulation.
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FIGURE 3–1 Motor conduction study setup.


Median motor study, recording the abductor pollicis brevis muscle, stimulating the median nerve at the wrist. In motor studies, the “belly–tendon” method is used for recording. The active recording electrode (G1) is placed on the center of the muscle, with the reference electrode (G2) placed distally over the tendon.




The CMAP is a biphasic potential with an initial negativity, or upward deflection from the baseline, if the recording electrodes have been properly placed with G1 over the motor endplate. For each stimulation site, the latency, amplitude, duration, and area of the CMAP are measured (Figure 3–2). A motor conduction velocity can be calculated after two sites, one distal and one proximal, have been stimulated.
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FIGURE 3–2 Compound muscle action potential (CMAP).


The CMAP represents the summation of all the underlying muscle fiber action potentials. With recording electrodes properly placed, the CMAP is a biphasic potential with an initial negative deflection. Latency is the time from the stimulus to the initial negative deflection from baseline. Amplitude is most commonly measured from baseline to negative peak but also can be measured from peak to peak. Duration is measured from the initial deflection from baseline to the first baseline crossing (i.e., negative peak duration). In addition, negative CMAP area (i.e., the area above the baseline) is calculated by most modern computerized electromyographic machines. Latency reflects only the fastest conducting motor fibers. All fibers contribute to amplitude and area. Duration is primarily a measure of synchrony.








Latency


The latency is the time from the stimulus to the initial CMAP deflection from baseline. Latency represents three separate processes: (1) the nerve conduction time from the stimulus site to the neuromuscular junction (NMJ), (2) the time delay across the NMJ, and (3) the depolarization time across the muscle. Latency measurements usually are made in milliseconds (ms), and reflect only the fastest conducting motor fibers.









Amplitude


CMAP amplitude is most commonly measured from baseline to the negative peak and less commonly from the first negative peak to the next positive peak. CMAP amplitude reflects the number of muscle fibers that depolarize. Although low CMAP amplitudes most often result from loss of axons (as in a typical axonal neuropathy), other causes of a low CMAP amplitude include conduction block from demyelination located between the stimulation site and the recorded muscle, as well as some NMJ disorders and myopathies.









Area


CMAP area also is conventionally measured as the area above the baseline to the negative peak. Although the area cannot be determined manually, the calculation is readily performed by most modern computerized EMG machines. Negative peak CMAP area is another measure reflecting the number of muscle fibers that depolarize. Differences in CMAP area between distal and proximal stimulation sites take on special significance in the determination of conduction block from a demyelinating lesion (see section on Conduction Block).









Duration


CMAP duration usually is measured from the initial deflection from baseline to the first baseline crossing (i.e., negative peak duration), but it also can be measured from the initial to the terminal deflection back to baseline. The former is preferred as a measure of CMAP duration because when CMAP duration is measured from the initial to terminal deflection back to baseline, the terminal CMAP returns to baseline very slowly and can be difficult to mark precisely. Duration is primarily a measure of synchrony (i.e., the extent to which each of the individual muscle fibers fire at the same time). Duration characteristically increases in conditions that result in slowing of some motor fibers but not others (e.g., in a demyelinating lesion).









Conduction Velocity


Motor conduction velocity is a measure of the speed of the fastest conducting motor axons in the nerve being studied, which is calculated by dividing the distance traveled by the nerve conduction time. However, motor conduction velocity cannot be calculated by performing a single stimulation. The distal motor latency is more than simply a conduction time along the motor axon; it includes not only (A) the conduction time along the distal motor axon to the NMJ, but also (B) the NMJ transmission time and (C) the muscle depolarization time. Therefore, to calculate a true motor conduction velocity, without including NMJ transmission and muscle depolarization times, two stimulation sites must be used, one distal and one proximal.


When the nerve is stimulated proximally, the resulting CMAP area, amplitude, and duration are, in general, similar to those of the distal stimulation waveform. The only major difference between CMAPs produced by proximal and distal stimulations is the latency. The proximal latency is longer than the distal latency, reflecting the longer time and distance needed for the action potential to travel. The proximal motor latency reflects four separate times, as opposed to the three components reflected in the distal motor latency measurement. In addition to (A) the nerve conduction time between the distal site and the NMJ, (B) the NMJ transmission time, and (C) the muscle depolarization time, the proximal motor latency also includes (D) the nerve conduction time between the proximal and distal stimulation sites (Figure 3–3). Therefore, if the distal motor latency (containing components A + B + C) is subtracted from the proximal motor latency (containing components A + B + C + D), the first three components will cancel out. This leaves only component D, the nerve conduction time between the proximal and distal stimulation sites, without the distal nerve conduction, NMJ transmission, and muscle depolarization times. The distance between these two sites can be approximated by measuring the surface distance with a tape measure. A conduction velocity then can be calculated along this segment: (distance between the proximal and distal stimulation sites) divided by (proximal latency − distal latency). Conduction velocities usually are measured in meters per second (m/s).
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FIGURE 3–3 Motor conduction velocity (CV) calculation.


Top: Median motor study, recording abductor pollicis brevis, stimulating wrist and elbow. DL, distal motor latency; PL, proximal motor latency. The only difference between distal and proximal stimulations is the latency, with PL being longer than DL. Bottom: DL represents three separate times: the nerve conduction time from the distal stimulation site to the neuromuscular junction (NMJ) (A), the NMJ transmission time (B), and the muscle depolarization time (C). Accordingly, DL cannot be used alone to calculate a motor conduction velocity. Two stimulations are necessary. PL includes the nerve conduction time from the distal stimulation site to the neuromuscular junction (A), the NMJ transmission time (B), and the muscle depolarization time (C), as well as the nerve conduction time between the proximal and distal stimulation sites (D). If DL (A + B + C) is subtracted from PL (A + B + C + D), only the nerve conduction time between the distal and proximal stimulation sites (D) remains. The distance between those two sites can be measured, and a conduction velocity can be calculated (distance/time). Conduction velocity reflects only the fastest conducting fibers in the nerve being studied.




It is essential to note that both latency and conduction velocity reflect only the fastest conducting fibers in the nerve being studied. By definition, conduction along these fibers arrives first and thus it is these fibers that are the ones measured. The many other slower conducting fibers participate in the CMAP area and amplitude but are not reflected in either the latency or conduction velocity measurements.












Sensory Conduction Studies


In contrast to motor conduction studies, in which the CMAP reflects conduction along motor nerve, NMJ, and muscle fibers, in sensory conduction studies only nerve fibers are assessed. Because most sensory responses are very small (usually in the range of 1 to 50 µV), technical factors and electrical noise assume more importance. For sensory conduction studies, the gain usually is set at 10 to 20 µV per division. A pair of recording electrodes (G1 and G2) are placed in line over the nerve being studied, at an interelectrode distance of 2.5 to 4 cm, with the active electrode (G1) placed closest to the stimulator. Recording ring electrodes are conventionally used to test the sensory nerves in the fingers (Figure 3–4). For sensory studies, an electrical pulse of either 100 or 200 ms in duration is used, and most normal sensory nerves require a current in the range of 5 to 30 mA to achieve supramaximal stimulation. This is less current than what is usually required for motor conduction studies. Thus, sensory fibers usually have a lower threshold to stimulation than do motor fibers. This can easily be demonstrated on yourself; when slowly increasing the stimulus intensity, you will feel the paresthesias (sensory) before you feel or see the muscle start to twitch (motor). As in motor studies, the current is slowly increased from a baseline of 0 mA, usually in 3 to 5 mA increments, until the recorded sensory potential is maximized. This potential, the sensory nerve action potential (SNAP), is a compound potential that represents the summation of all the individual sensory fiber action potentials. SNAPs usually are biphasic or triphasic potentials. For each stimulation site, the onset latency, peak latency, duration, and amplitude are measured (Figure 3–5). Unlike motor studies, a sensory conduction velocity can be calculated with one stimulation site alone, by taking the measured distance between the stimulator and active recording electrode and dividing by the onset latency. No NMJ or muscle time needs to be subtracted out by using two stimulation sites.
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FIGURE 3–4 Sensory conduction study setup.


Median sensory study, antidromic technique. Ring electrodes are placed over the index finger, 3 to 4 cm apart. The active recording electrode (G1) is placed more proximally, closest to the stimulator. Although the entire median nerve is stimulated at the wrist, only the cutaneous sensory fibers are recorded over the finger.
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FIGURE 3–5 Sensory nerve action potential (SNAP).


The SNAP represents the summation of all the underlying sensory fiber action potentials. The SNAP usually is biphasic or triphasic in configuration. Onset latency is measured from the stimulus to the initial negative deflection for biphasic SNAPs (as in the waveform here) or to the initial positive peak for triphasic SNAPs. Onset latency represents nerve conduction time from the stimulus site to the recording electrodes for the largest cutaneous sensory fibers in the nerve being studied. Peak latency is measured at the midpoint of the first negative peak. Amplitude most commonly is measured from baseline to negative peak but also can be measured from peak to peak. Duration is measured from the initial deflection from baseline to the first baseline crossing (i.e., negative peak duration). Only one stimulation site is required to calculate a sensory conduction velocity, as sensory onset latency represents only nerve conduction time.








Onset Latency


The onset latency is the time from the stimulus to the initial negative deflection from baseline for biphasic SNAPs or to the initial positive peak for triphasic SNAPs. Sensory onset latency represents nerve conduction time from the stimulus site to the recording electrodes for the largest cutaneous sensory fibers in the nerve being studied.









Peak Latency


The peak latency is measured at the midpoint of the first negative peak. Although the population of sensory fibers represented by the peak latency is not known (in contrast to the onset latency, which represents the fastest conducting fibers in the nerve being studied), measurement of peak latency has several advantages. The peak latency can be ascertained in a straightforward manner; there is practically no interindividual variation in its determination. In contrast, the onset latency can be obscured by noise or by the stimulus artifact, making it difficult to determine precisely. In addition, for some potentials, especially small ones, it may be difficult to determine the precise point of deflection from baseline (Figure 3–6). These problems do not occur in marking the peak latency. Normal values exist for peak latencies for the most commonly performed sensory studies stimulated at a standard distance. Note that the peak latency cannot be used to calculate a conduction velocity.
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FIGURE 3–6 Sensory nerve action potential (SNAP) onset and peak latencies.


Onset and peak latency measurements each have their own advantages and disadvantages. Onset latency represents the fastest conducting fibers and can be used to calculate a conduction velocity. However, for many potentials, especially small ones, it is difficult to precisely place the latency marker on the initial deflection from baseline (blue arrows: possible onset latencies). Marking the peak latency is straightforward, with nearly no inter-examiner variation. However, the population of fibers represented by peak latency is unknown; it cannot be used to calculate a conduction velocity.











Amplitude


The SNAP amplitude is most commonly measured from baseline to negative peak, but it can also be measured from the first negative peak to the next positive peak. The SNAP amplitude reflects the sum of all the individual sensory fibers that depolarize. Low SNAP amplitudes indicate a definite disorder of peripheral nerve.









Duration


Similar to the CMAP duration, SNAP duration is usually measured from the onset of the potential to the first baseline crossing (i.e., negative peak duration), but it also can be measured from the initial to the terminal deflection back to baseline. The former is preferred given that the SNAP duration measured from the initial to terminal deflection back to baseline is difficult to mark precisely, because the terminal SNAP returns to baseline very slowly. The SNAP duration typically is much shorter than the CMAP duration (typically 1.5 vs. 5–6 ms, respectively). Thus, duration is often a useful parameter to help identify a potential as a true nerve potential rather than a muscle potential (Figure 3–7).
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FIGURE 3–7 Compound muscle action potential (CMAP) and sensory nerve action potential (SNAP) comparison.


CMAPs (top) and SNAPs (bottom) both are compound potentials but are quite different in terms of size and duration. CMAP amplitude usually is measured in millivolts, whereas SNAPs are small potentials measured in the microvolt range (note different gains between the traces). CMAP negative peak duration usually is 5 to 6 ms, whereas SNAP negative peak duration is much shorter, typically 1 to 2 ms. When both sensory and motor fibers are stimulated (such as when performing antidromic sensory or mixed studies), these differences (especially duration) usually allow an unknown potential to be recognized as either a nerve or muscle potential.











Conduction Velocity


Unlike the calculation of a motor conduction velocity, which requires two stimulation sites, sensory conduction velocity can be determined with one stimulation, simply by dividing the distance traveled by the onset latency. Essentially, distal conduction velocity and onset latency are the same measurement; they differ only by a multiplication factor (i.e., the distance). Sensory conduction velocity represents the speed of the fastest, myelinated cutaneous sensory fibers in the nerve being studied.


Sensory conduction velocity along proximal segments of nerve can be determined by performing proximal stimulation and calculating the conduction velocity between proximal and distal sites, in a manner similar to the calculation for motor conduction velocity: (distance between the proximal and distal stimulation sites) divided by (proximal latency − distal latency). However, proximal sensory studies result in smaller amplitude potentials and often are more difficult to perform, even in normal subjects, because of the normal processes of phase cancellation and temporal dispersion (see later). Note that one can also determine the sensory conduction velocity from the proximal site to the recording electrode by simply dividing the total distance traveled by the proximal onset latency.









Special Considerations in Sensory Conduction Studies: Antidromic versus Orthodromic Recording


When a nerve is depolarized, conduction occurs equally well in both directions away from the stimulation site. Consequently, sensory conduction studies may be performed using either antidromic (stimulating toward the sensory receptor) or orthodromic (stimulating away from the sensory receptor) techniques. For instance, when studying median sensory fibers to the index finger, one can stimulate the median nerve at the wrist and record the potential with ring electrodes over the index finger (antidromic study). Conversely, the same ring electrodes can be used for stimulation, and the potential recorded over the median nerve at the wrist (orthodromic study). Latencies and conduction velocities should be identical with either method (Figure 3–8), although the amplitude generally is higher in antidromically conducted potentials.
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FIGURE 3–8 Antidromic and orthodromic sensory studies.


Median sensory nerve action potential (SNAPs). Top trace: Antidromic study, stimulating wrist, recording index finger. Bottom trace: Orthodromic study, stimulating index finger, recording wrist. Latencies and conduction velocities are identical for both. The antidromic method has the advantage of a higher-amplitude SNAP but is followed by a large volume-conducted motor potential. If the SNAP is absent in an antidromic study, care must be taken not to confuse the volume-conducted motor potential as the sensory potential. Note the difference in duration between SNAP and CMAP, which helps discriminate between the SNAP and the volume-conducted motor potential that follows.




In general, the antidromic technique is superior for several reasons, but each method has its advantages and disadvantages. Most important, the amplitude is higher with antidromic than with orthodromic recordings, which makes it easier to identify the potential. The SNAP amplitude is directly proportional to the proximity of the recording electrode to the underlying nerve. For most antidromically conducted potentials, the recording electrodes are closer to the nerve. For example, in the antidromically conducted median sensory response, the recording ring electrodes are placed on the finger, very close to the underlying digital nerves just beneath the skin from which the potential is recorded. When the montage is reversed for orthodromic recording, there is more tissue (e.g., the transverse carpal ligament and other connective tissues) at the wrist separating the nerve from the recording electrodes. This results in attenuation of the recorded sensory response, resulting in a much lower amplitude. The higher SNAP amplitude obtained with antidromic recordings is the major advantage of using this method. The antidromic technique is especially helpful when recording very small potentials, which often occur in pathologic conditions. Furthermore, because the antidromic potential generally is larger than the orthodromic potential, it is less subject to noise or other artifacts.


However, the antidromic method has some disadvantages (Figure 3–9). Since the entire nerve is often stimulated, including the motor fibers, this frequently results in the SNAP being followed by a volume-conducted motor potential. It usually is not difficult to differentiate between the two, because the SNAP latency typically occurs earlier than the volume-conducted motor potential. However, problems occur if the two potentials have a similar latency or, more importantly, if the sensory potential is absent. When the latter occurs, one can mistake the first component of the volume conducted motor potential for the SNAP, where none truly exists. It is in this situation that measuring the duration of the potential can be helpful in distinguishing a sensory from a motor potential. If one is still not sure, performing an orthodromic study will settle the issue, as no volume conducted motor response will occur with an orthodromic study. In this case, the antidromic and orthodromic potentials should have the same onset latency.
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FIGURE 3–9 Misinterpretation error with antidromic sensory studies.


In an antidromic study, the entire nerve is stimulated, including both sensory and motor fibers, which frequently results in the SNAP being followed by a volume-conducted motor potential. Top: Normal antidromic ulnar sensory response, stimulating the wrist and recording the fifth digit. Notice the ulnar SNAP, which is followed by the large, volume-conducted motor response. One can recognize the SNAP by its characteristic shape, and especially by its brief negative peak duration of approximately 1.5 ms. Also, notice that the SNAP usually occurs earlier than the volume-conducted motor response. Bottom: If the sensory response is absent, and an antidromic study is performed, one might mistake the first component of the volume-conducted motor response for the SNAP. The key to not making this mistake is to note the longer duration of the motor potential, which often has a higher amplitude and slowed latency/conduction velocity. In this case, the negative peak duration of this mistaken potential is approximately 2.5 ms. In some cases, one still may not be certain. In those situations, performing the study orthodromically will settle the issue as no volume-conducted motor potential will occur with an orthodromic study. The onset latencies of the orthodromic and antidromic potentials should be the same. The problem with an orthodromic study is that the amplitude is often much lower than with the antidromic method. (Note: Sensory responses are normally very low, in the microvolt range.)











Lesions Proximal to the Dorsal Root Ganglion Result in Normal Sensory Nerve Action Potentials


Peripheral sensory fibers are all derived from the dorsal root ganglia cells, the primary sensory neurons. These cells have a unique anatomic arrangement: they are bipolar cells located outside the spinal cord, near the intervertebral foramina. Their central processes form the sensory nerve roots, whereas their peripheral projections ultimately become peripheral sensory nerves. Any lesion of the nerve root, even if severe, leaves the dorsal root ganglion and its peripheral axon intact, although essentially disconnected from its central projection. Accordingly, SNAPs remain normal in lesions proximal to the dorsal root ganglia, including lesions of the nerve roots, spinal cord, and brain (Figure 3–10). It is not uncommon, in the EMG lab, for a patient to have sensory symptoms or sensory loss but to have normal SNAPs in that distribution. This combination of clinical and electrical findings should always suggest the possibility of a lesion proximal to the dorsal root ganglia, although rarely other conditions can produce the same situation.
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FIGURE 3–10 Nerve root lesions and nerve conduction studies.


Anatomic differences between sensory and motor nerve fibers result in different patterns of nerve conduction abnormalities in nerve root lesions. The sensory nerve (top) is derived from the dorsal root ganglia (DRG). The DRG are bipolar cells whose central processes form the sensory roots and distal processes continue as the peripheral sensory nerve fibers. The motor nerve (bottom) is derived from the anterior horn cell (AHC), which resides in the ventral gray matter of the spinal cord. Lesions of the nerve roots separate the peripheral motor nerve from its neuron, the AHC, but leave the DRG and its distal processes intact. Thus, nerve root lesions may result in degeneration of the motor fibers distally and, accordingly, abnormalities on motor nerve conduction studies and/or needle electromyogram. However, the distal sensory nerve remains intact in lesions of the nerve roots, as the lesion is proximal to the DRG. Thus, results of sensory conduction studies remain normal.




The situation is quite different for motor fibers. The primary motor neurons, the anterior horn cells, are located in the ventral gray matter of the spinal cord. Axons from the motor neurons form the motor roots and, ultimately, the motor fibers in the peripheral nerves. Lesions of the motor roots effectively disconnect the peripheral motor fibers from their primary neurons, resulting in degeneration of motor fibers throughout the peripheral nerve. Consequently, a nerve root lesion often results in abnormalities on motor NCSs and especially needle EMG.









Proximal Stimulation: Normal Temporal Dispersion and Phase Cancellation


During routine motor conduction studies, the CMAPs recorded by proximal and distal stimulations are nearly identical in configuration. If measured carefully, the proximal CMAP duration may increase slightly, and both the area and amplitude may fall slightly. If the same proximal and distal stimulation sites are used for sensory studies, however, the proximal SNAP varies greatly from the distal one in terms of duration, area, and amplitude. The duration of the proximal potential is markedly increased, and the amplitude and area are greatly reduced compared to the distal potential (Figure 3–11). These changes are normal findings that result from a combination of temporal dispersion and phase cancellation.
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FIGURE 3–11 Proximal sensory studies.


Normal median sensory study, recording index finger, stimulating wrist (top trace) and elbow (bottom trace). Note that in normal subjects, proximal stimulation results in sensory nerve action potentials (SNAPs) that are longer in duration and lower in amplitude and area. This occurs as a result of normal temporal dispersion and phase cancellation. If the SNAP is small at the distal stimulation site, it may be difficult or impossible to obtain a potential with proximal stimulation.




For both sensory and motor studies, the recorded potential (SNAP, CMAP) is a compound potential. In the case of sensory studies, many individual sensory fibers depolarize and summate to create the SNAP. Within any sensory nerve, there are large, medium, and smaller myelinated fibers, which depolarize and conduct at slightly different velocities. In general, the larger fibers depolarize before the smaller ones. Likewise, there is a normal variation in the size of individual sensory fiber action potentials, with larger fibers generally having larger amplitudes. Temporal dispersion occurs as these individual nerve fibers fire at slightly different times (i.e., larger, faster fibers depolarize before smaller, slower ones). Temporal dispersion normally is more prominent at proximal stimulation sites because the slower fibers progressively lag behind the faster fibers (Figure 3–12). This is analogous to a marathon race in which one runner runs a 5-minute mile and the other a 6-minute mile. At the beginning of the race, both runners are very close to each other (less dispersion), but by the end of the race they are far apart (greater dispersion).
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FIGURE 3–12 Temporal dispersion and phase cancellation in nerve conduction studies.


Sensory nerve action potentials (SNAPs) and compound muscle action potentials (CMAPs) both are compound potentials, representing the summation of individual sensory and muscle fiber action potentials, respectively. In each case, there are fibers that conduct faster (F) and those that conduct more slowly (S). With distal stimulation, fast and slow fiber potentials arrive at the recording site at approximately the same time. However, with proximal stimulation, the slower fibers lag behind the faster fibers. For sensory fibers (top traces), the amount of temporal dispersion at proximal stimulation sites results in the negative phase of the slower fibers overlapping with the positive trailing phase of fastest fibers. These superimposed positive and negative phases cancel each other out, resulting in a decrease in area and amplitude, beyond the decrease in amplitude and increase in duration from the effects of temporal dispersion alone. The effects of temporal dispersion and phase cancellation are less prominent for motor fibers (bottom traces). The duration of individual motor fiber potentials is much longer than that of single sensory fibers. Thus, for the same amount of temporal dispersion, there is much less overlap between negative and positive phases of motor fiber action potentials.


(From Kimura, J., Machida, M., Ishida, T., et al., 1986. Relationship between size of compound sensory or muscle action potentials, and length of nerve segment. Neurology 36, 647, with permission of Little, Brown and Company.)





With proximal stimulation, there is a greater lag time between the faster and slower conducting fibers, leading to increased duration and temporal dispersion of the waveform. If temporal dispersion alone were at work, the amplitude would decrease as the potential was spread out, but the area would be preserved. This would indeed be the case if each sensory fiber action potential were monophasic in configuration. However, single sensory fiber action potentials usually have either a biphasic or triphasic configuration. A single, large sensory myelinated fiber has a negative duration of about 0.5 ms, approximately half the normal duration of the distal SNAP (typical duration is 1.3 ms). This implies that after the first 0.5 ms, the trailing positive phase of the fastest potential overlaps with the leading negative phases of the slower fibers. When overlap occurs between the positive phase of one sensory fiber action potential and the negative phase of another, phase cancellation occurs, resulting in a smaller summated potential. This results in a drop of area, as well as a further drop in amplitude.


Although temporal dispersion and phase cancellation usually are thought of as occurring at proximal stimulation sites, the effect is present to some degree even with distal stimulation. For example, the median SNAP is higher in amplitude and shorter in duration when stimulating in the palm and recording the index finger than when stimulating at the usual distal site in the wrist. This is because some normal temporal dispersion and phase cancellation occur even at the usual distal stimulation sites. The effects of temporal dispersion are not as apparent with distal stimulation, however, because the slower fibers do not have as much time to lag behind, and phase cancellation is less prominent. This results in a distal potential with a larger amplitude and area than the more proximal potential. At proximal stimulation sites, phase cancellation results in a potential with a smaller amplitude and area and a longer duration.


Temporal dispersion and phase cancellation also occur in motor studies but are much less marked (Figure 3–12). The CMAP is the summation of many individual motor unit action potentials (MUAPs). An individual MUAP has a negative peak duration of 5 to 6 ms, very similar to the CMAP duration. With such similar durations, most MUAPs are in phase with each other. In addition, the range of normal conduction velocities is smaller for motor than for sensory fibers. Because the slowest motor fibers do not lag as far behind the fastest fibers with proximal stimulation, the effects of temporal dispersion and phase cancellation are not as marked for motor as they are for sensory fibers.












Mixed Conduction Studies


In many respects, mixed NCSs are comparable to sensory studies. Both studies measure compound nerve action potentials, which are stimulated and recorded in a similar manner. However, for mixed nerve studies, the potential reflects both motor and sensory fiber action potentials generated along the nerve. Although theoretically any mixed nerve can be studied, in practice, the median, ulnar, and distal tibial nerves are most often selected for examination. These mixed nerve studies are used most often in the electrodiagnosis of median neuropathy at the wrist, ulnar neuropathy at the elbow, and tibial neuropathy across the tarsal tunnel, respectively.


At first glance, one might presume that mixed nerve studies, which record motor and sensory fibers in combination, offer little advantage over routine motor and sensory studies performed independently. During routine motor or sensory NCSs, however, the largest and fastest fibers in the body are not recorded. These fibers are the sensory muscle afferents, the Ia fibers, which supply the muscle spindles. These largest fibers are recorded only during mixed nerve studies, wherein the entire mixed nerve is stimulated and also recorded. Mixed nerve conduction velocities usually are faster than either routine motor or cutaneous sensory conduction velocities because they include these Ia fibers. Furthermore, because the Ia fibers have the largest diameter, and accordingly the greatest amount of myelin, they often are the fibers earliest affected by demyelinating lesions, such as occur in entrapment neuropathies.


For a mixed NCS, the settings are similar to those used for sensory conduction studies. The gain usually is set at 10 to 20 µV per division because the responses are quite small (usually in the range of 5 to 100 µV). A pair of recording electrodes (G1 and G2) is placed in line over the mixed nerve, at an interelectrode distance of 2.5 to 4 cm, with the active electrode (G1) closest to the stimulator (Figure 3–13). The recorded potential, the mixed nerve action potential (MNAP), is a compound potential that represents the summation of all the individual sensory and motor fiber action potentials. MNAPs usually are biphasic or triphasic potentials. Onset latency, peak latency, duration, amplitude, and conduction velocity are measured using methods similar to those used in sensory conduction studies.
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FIGURE 3–13 Mixed nerve study setup.


Median mixed study, stimulating median nerve in the palm, recording median nerve at the wrist. The active recording electrode (G1) faces the cathode of the stimulator. Mixed studies stimulate and record all motor and sensory fibers, including the muscle afferents, the Ia fibers, which are not recorded in either routine sensory or motor conduction studies.











Principles of Stimulation






Use Supramaximal Stimulation


In order to obtain correct and reproducible data during NCSs, it is essential that all fibers within a nerve are stimulated at all locations. If the current is too low, not all fibers will be depolarized (submaximal stimulation). Conversely, if it is too high, current may spread and depolarize nearby nerves (co-stimulation). Different degrees of current intensity are required in different individuals and in different anatomic locations in order to depolarize all nerve fibers. For instance, some nerves lie just under the skin (e.g., ulnar nerve at the elbow), whereas others are much deeper (e.g., tibial nerve at the popliteal fossa). At each stimulation site, it is essential that supramaximal stimulation be used to ensure that all axons within a given nerve are depolarized. To achieve supramaximal stimulation, the current intensity is slowly increased until the amplitude of the recorded potential reaches a plateau. The current intensity then is increased an additional 20 to 25% to ensure that the potential no longer increases. It is only at this point that supramaximal stimulation is achieved. This procedure needs to be used at all locations. One of the most common mistakes in performing NCSs is to stop increasing the current once the potential is within the normal range. In this case, the potential may be “normal” but not supramaximal.









Optimize the Stimulation Site


One may be tempted to routinely use higher stimulation intensities in order to assure supramaximal stimulation. However, this practice can lead to technical errors due to the spread of the stimulus to nearby adjacent nerves, in addition to causing pain to the patient (see Chapter 8). One of the most useful techniques to master is placement of the stimulator at the optimal location directly over the nerve, which yields the highest CMAP amplitude with the least stimulus intensity (Figure 3–14). This technique is easily learned. The stimulator is placed over a site where the nerve is expected to run, based on anatomic landmarks. The stimulus intensity is slowly increased until the first small submaximal potential is recorded. At this point, the stimulus current is held constant, and the stimulator is moved parallel to the initial stimulation site, both slightly laterally and then slightly medially (Figure 3–15). The position that yields the highest response is the position closest to the nerve. Because the stimulus intensity is low, this procedure is not painful for the patient. Once the optimal position is determined, the current is increased to supramaximal. It often is surprising how little current is required to obtain supramaximal stimulation using this technique, leading to many fewer technical errors and better patient tolerance and cooperation.
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FIGURE 3–14 Optimal stimulator position and supramaximal stimulation.


In this example, the median nerve is stimulated at the wrist while recording the abductor pollicis brevis muscle. In the top trace, the stimulator has been placed in the optimal location directly over the nerve. In the lower trace, the stimulator has been moved 1 cm lateral to that position. Supramaximal stimulation is then achieved. Note that in both examples, the resultant compound muscle action potential is identical. However, the current needed to obtain supramaximal stimulation, when stimulating laterally, is more than twice that needed at the optimal position.
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FIGURE 3–15 Optimizing the stimulator position over the nerve.


The stimulator is placed over a site where the nerve is expected to run, based on anatomic landmarks. The stimulus intensity is slowly increased until the first small submaximal potential is recorded. At this point, the stimulus current is held constant, and the stimulator is moved parallel to the initial stimulation site, both slightly laterally and then slightly medially. Note in this example that moving the stimulator by very small increments (0.5 cm) markedly changes the amplitude of the compound muscle action potential. The optimal site is the one with the largest potential, which is directly over the nerve. Because the stimulus intensity is low (in this case, 11.2 mA), this procedure of optimizing the stimulator site is not painful for the patient. Once the optimal position is determined, the current is increased to supramaximal. Using this technique markedly reduces the amount of current necessary to achieve supramaximal stimulation, reduces a host of possible technical errors as well as patient discomfort, and increases efficiency.














Important Basic Patterns


Several basic patterns of nerve conduction abnormalities can be recognized, depending on the underlying pathology. For example, abnormalities noted in motor conduction studies may be seen with disorders of the anterior horn cell, nerve root, nerve, NMJ, or muscle. In contrast, sensory or mixed nerve conduction abnormalities always imply a primary disorder of the peripheral nerve.






Neuropathic Lesions


Neuropathic lesions can be divided into those that primarily affect either the axon or the myelin sheath. Axonal loss may be seen after physical disruption of the nerve or as a result of numerous toxic, metabolic, or genetic conditions that can damage the metabolic machinery of the axon. Demyelination resulting from loss or dysfunction of the myelin sheath is seen most often in entrapment or compressive neuropathies. Otherwise, demyelination occurs in only a limited number of conditions, some of which are genetic (e.g., Charcot–Marie–Tooth polyneuropathy), some toxic (e.g., diphtheria), and others the consequence of a presumed immunologic attack on the myelin (e.g., Guillain–Barré syndrome). In neuropathic lesions, one of the key pieces of diagnostic information obtained from NCSs is the differentiation of a primary axonal loss lesion from a primary demyelinating lesion.






Axonal Loss


Axonal loss is the most common pattern seen on NCSs. Reduced amplitude is the primary abnormality associated with axonal loss. Amplitudes of the CMAP, SNAP, and MNAPs reflect the number of underlying motor, sensory, and mixed nerve axons, respectively. As axons are lost, the amplitudes of these potentials decrease. The best way to assess the amount of axonal loss is to compare the amplitude of a potential with a previous baseline value, a normal control value, or the contralateral (asymptomatic) side. Note that although axonal loss lesions generally result in reduced amplitudes, the corollary is not necessarily true: reduced amplitudes do not necessarily imply an axonal loss lesion (see the next two sections on Demyelination and Conduction Block).


In axonal loss lesions, conduction velocity and distal latency are normal, provided that the largest and fastest conducting axons remain intact. The typical pattern associated with axonal loss is one of reduced amplitudes with preserved latencies and conduction velocities (Figure 3–16B). Mild slowing of distal latency and conduction velocity may occur if the largest and fastest conducting axons are lost. Marked slowing, however, does not occur. To understand this concept and the possible range of slowing in axonal loss lesions, consider the examples shown in Figure 3–17. Every nerve contains a normal range of myelinated fibers with different axonal diameters and conduction velocities. In the median nerve, for instance, the largest-diameter (and accordingly the fastest) myelinated fibers conduct at a velocity of approximately 65 m/s. At the other end of the normal range, there are slower fibers that conduct as slowly as 35 m/s. The vast majority of fibers lie between these two extremes. However, whereas all fibers contribute to amplitude and area, only the fastest conducting fibers contribute to the conduction velocity and latency measured by routine NCSs.
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FIGURE 3–16 Patterns of nerve conduction abnormalities.


Depending on whether the underlying nerve pathology is axonal loss or demyelination, different patterns of abnormalities are seen on nerve conduction studies. A: Normal study. Note the normal distal latency (DL) <4.4 ms, amplitude >4 mV, and conduction velocity (CV) >49 m/s. B: Axonal loss. In axonal loss lesions, amplitudes decrease; CV is normal or slightly slowed, but not <75% of the lower limit of normal; and DL is normal or slightly prolonged, but not >130% of the upper limit of normal. The morphology of the potential does not change between proximal and distal sites. C: Demyelination resulting in uniform slowing is most often associated with inherited conditions (e.g., Charcot–Marie–Tooth polyneuropathy). CV is markedly slowed (<75% lower limit of normal) and DL is markedly prolonged (>130% of the upper limit of normal). However, there usually is no change in configuration between proximal and distal stimulation sites. D: Demyelination with conduction block/temporal dispersion. Marked slowing of conduction velocity and distal latency, but also with change in potential morphology (conduction block/temporal dispersion) between distal and proximal stimulation sites, is most often associated with acquired causes of demyelination. This pattern may be seen in Guillain–Barré syndrome or other acquired demyelinating conditions.
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FIGURE 3–17 Conduction velocity slowing and axonal loss lesions.


Every nerve contains a normal range of myelinated fibers with different axonal diameters and conduction velocities. For example, in the normal median nerve (A), the fastest myelinated fibers conduct at a velocity of approximately 65 m/s. At the other end of the normal range, there are slower fibers that conduct as slowly as 35 m/s. Whereas all fibers contribute to amplitude and area, only the fastest conducting fibers contribute to the conduction velocity and latency measured by routine nerve conduction studies. In lesions associated with axonal loss, there is a range of possible conduction velocity slowing. At one extreme (B), severe axonal loss may occur with sparing of only a few of the fastest fibers remaining (outlined in green). While amplitude markedly decreases, conduction velocity and distal latency remain normal, due to the preservation of the fastest conducting fibers. At the other extreme (C), if all axons are lost, except for a few of the slowest conducting fibers (outlined in green), the amplitude also falls dramatically. However, conduction velocity can only drop as low as 35 m/s (≈75% of the lower limit of normal). Greater slowing cannot occur in a pure axonal loss lesion because normal myelinated fibers do not conduct any slower than this. Latencies also prolong in a similar fashion, but there is a limit to this prolongation, generally no greater than 130% of the upper limit of normal. Thus, with axonal loss lesions, (1) amplitudes decrease, (2) conduction velocities are normal or slightly decreased, but never below 75% of the lower limit of normal, and (3) distal latencies are normal or slightly prolonged, but never greater than 130% of the upper limit of normal.




In lesions associated with axonal loss, one can consider two possible extremes of conduction velocity abnormalities. At one extreme, there may be severe loss of axons with only a few of the fastest fibers remaining (Figure 3–17B). While amplitude markedly decreases, the conduction velocity and distal latency remain normal, due to the preservation of the fastest conducting fibers. At the other extreme, if all axons are lost except for a few of the normal most slowly conducting fibers (Figure 3–17C), the amplitude will also fall dramatically. In addition, conduction velocity will drop, but only as low as 35 m/s (approximately 75% of the lower limit of normal), reflecting the conduction velocity of the slowest conducting fibers. Greater slowing cannot occur in a pure axonal loss lesion because normal myelinated fibers do not conduct any more slowly than this. Latencies become prolonged in a similar fashion, but there is a limit to this prolongation, such that the latencies generally do not exceed 130% of the upper limit of normal. In general, axonal loss lesions result in a pattern somewhere between these two extremes. When there is random dropout of fibers, the amplitude falls, the conduction velocity slows slightly, and the distal latency mildly prolongs (Figure 3–18).





[image: image]

FIGURE 3–18 Typical axonal loss pattern.


With random dropout of fibers from axonal loss (outlined in green), the normal distribution of nerve fibers and their associated conduction velocities changes to a smaller bell-shaped curve. In this case, the amplitude decreases while the conduction velocity and distal latency slightly slow. This is the more typical pattern of axonal loss than the extreme examples shown in Figure 3–17, where only a few of either the fastest or slowest normal fibers remain after severe axonal loss.




Thus, with axonal loss lesions, (1) amplitudes decrease, (2) conduction velocities are normal or slightly decreased but never below 75% of the lower limit of normal, and (3) distal latencies are normal or slightly prolonged but never greater than 130% of the upper limit of normal.


The only exception to these criteria for axonal loss lesions occurs in hyperacute axonal loss lesions, such as might occur following a nerve transection. In such a case, results of NCSs performed within 3 to 4 days of an acute axonal loss lesion remain normal, provided both stimulation and recording are done distal to the lesion. Between days 3 to 10, the process of wallerian degeneration occurs: the nerve distal to the transection undergoes degeneration, resulting in a low amplitude potential both distally and proximally. The process of wallerian degeneration is earlier for motor fibers (typically between days 3–5) compared to sensory fibers (typically between days 6–10). Once wallerian degeneration is complete, the typical pattern of axonal loss will be seen on NCSs.


A unique situation occurs if stimulation is performed distal and proximal to an acute axonal loss lesion during the first 3 days after the nerve insult. In this case, the amplitude will be normal with distal stimulation, but reduced with proximal stimulation. This pattern simulates conduction block, a pattern typically associated with demyelination but, in fact, is best termed pseudo-conduction block. This type of acute axonal loss pattern is distinctly unusual, and in common practice, is seen only in two situations: (1) acute trauma/transection of a nerve, or (2) nerve infarction, as occurs most classically in vasculitic neuropathy. In such situations, the only way to differentiate an acute axonal loss lesion resulting in pseudo-conduction block from a true demyelinating conduction block is to repeat the study after an additional week, when wallerian degeneration is complete. In the case of an axonal loss lesion, the typical axonal pattern will be present after 1 week (low amplitudes, normal or slightly prolonged latencies, normal or slightly slow conduction velocity) whereas in a true demyelinating lesion, the conduction block pattern will persist.









Demyelination


Myelin is essential for saltatory conduction. Without myelin, nerve conduction velocity is either markedly slowed or blocked (Figure 3–16C and D). On NCSs, demyelination is associated with marked slowing of conduction velocity (slower than 75% of the lower limit of normal), marked prolongation of distal latency (longer than 130% of the upper limit of normal), or both. Conduction velocities and latencies slower than these cutoff values imply primary demyelination; such values are not seen with axonal loss lesions, even in severe lesions associated with loss of the fastest conducting fibers. This is because there are simply no normal myelinated axons that conduct this slowly (n.b., there are small myelinated Aδ pain fibers that conduct in this range, but these fibers are neither stimulated nor recorded with routine nerve conduction techniques). Essentially, any motor, sensory, or mixed nerve conduction velocity that is slower than 35 m/s in the arms or 30 m/s in the legs signifies unequivocal demyelination. Only in the rare case of regenerating nerve fibers after a complete axonal injury (e.g., nerve transection) can conduction velocities be this slow and not signify a primary demyelinating lesion.


Occasionally, the electromyographer will encounter conduction velocity slowing that approaches these cutoff values. When this occurs, interpretation of whether the slowing represents demyelination or axonal loss is aided by knowledge of the amplitude of the potential. A conduction velocity near the cutoff value where the amplitude is normal usually represents demyelination, whereas a borderline velocity with a markedly reduced amplitude most often implies severe axonal loss. Consider the following example:









	Median motor study

	Conduction velocity (m/s)

	Distal motor amplitude (mV)






	Case 1

	35

	7






	Case 2

	35

	0.2







In this example, both cases have a conduction velocity of 35 m/s, which is right at the cutoff value for slowing of the median nerve in the demyelinating range (i.e., 75% of the lower limit of normal). In case 1 the amplitude is normal, and the conduction velocity likely represents demyelination. In case 2, however, the amplitude is very low at 0.2 mV and is accompanied by the same slowed conduction velocity. This markedly low amplitude implies that there has likely been severe axonal loss. In this situation, the severely slowed conduction velocity most likely represents severe axonal loss, with loss of the fastest and intermediate conducting fibers and preservation of the more slowly conducting fibers. Using more than one piece of information for interpretating EDX findings is a recurring theme in EDX studies: it is often not one piece of information that leads to a correct interpretation and diagnosis, but putting several pieces of data together.


Amplitude changes associated with demyelination are variable. At first glance, it might appear that reduced amplitudes are always a marker of axonal loss rather than demyelination. This is not completely true, however, and depends on two conditions:




• whether sensory or motor studies are performed


• whether or not conduction block is present, and if present, where the stimulation site is in relationship to the conduction block.





Sensory amplitudes often are low or absent in demyelinating lesions. Sensory amplitudes are reduced due to the normal processes of temporal dispersion and phase cancellation. These are exaggerated by demyelinative slowing, which further lowers sensory amplitudes by changing the range of conduction velocities, thereby increasing the temporal dispersion and phase cancellation. Think again about the analogy of two marathon runners: one running at 13 miles per hour and another at 6.5 miles per hour. To complete the marathon of 26 miles, the first runner takes 2 hours, and the second takes 4 hours. Thus, they finish 2 hours apart. Consider this normal temporal dispersion. Now, imagine that both runners run half as fast as their normal speed, 6.5 miles per hour and 3.25 miles per hour. Consider this demyelination. It will take the first runner 4 hours to complete the marathon, and the second runner, 8 hours. Now, the two runners finish 4 hours apart. Thus, they are more temporally dispersed than normal. In the world of nerve conductions, more temporal dispersion results in more phase cancellation (i.e., negative phases of some fiber action potentials cancelling out positive phases of other fiber action potentials), and thus lower or absent sensory potentials.






Conduction Block


Reduced amplitudes in demyelinating lesions are seen when conduction block is present, as occurs in acquired demyelination (Figure 3–19). If a conduction block is present in a demyelinating lesion, then the site of stimulation and the location of the conduction block will determine the CMAP amplitude (Figure 3–20). The amplitude will be low if the nerve is stimulated proximal to the conduction block. If the conduction block is present between the normal distal stimulation site and the recording electrodes, both the distal and proximal CMAP amplitudes will be low and may simulate an axonal loss lesion (Figure 3–20, top). In this situation, it may be difficult to prove that a conduction block is present. If the conduction block is present between distal and proximal stimulation sites, which is the usual situation, the CMAP amplitude will be normal distally, below the block, but will be decreased at the proximal stimulation site, above the block (Figure 3–20, middle). Finally, if both the proximal and distal stimulation sites are distal to, or below the block, the CMAP amplitudes will remain normal both distally and proximally (Figure 3–20, bottom).
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FIGURE 3–19 Model of conduction block.


In acquired demyelinating lesions, demyelination is often a patchy, multifocal process. When the nerve is stimulated proximal to the conduction block, the compound muscle action potential (CMAP) drops in amplitude and area and becomes dispersed (bottom). In a normal nerve (top), the CMAP morphology usually is similar between distal and proximal stimulation sites.


(Adapted from Albers, J.W., 1987. Inflammatory demyelinating polyradiculoneuropathy. In: Brown, W.F., Bolton, C.F., (Eds.), Clinical electromyography. Butterworth-Heinemann, Stoneham, MA, with permission.)
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FIGURE 3–20 Compound muscle action potential (CMAP) amplitude and conduction block location.


In demyelinating lesions, the site of stimulation and the presence and location of the conduction block will determine the CMAP amplitude. Top: If a conduction block is present between the usual distal stimulation site and the muscle, amplitudes will be low at both distal and proximal stimulation sites, the pattern usually associated with axonal loss lesions. Middle: If a conduction block is present between distal and proximal stimulation sites, a normal CMAP amplitude will be recorded with distal stimulation and a reduced CMAP amplitude will be recorded with proximal stimulation. Bottom: If a conduction block is proximal to the most proximal stimulation site, the nerve remains normal distally, although effectively disconnected from its proximal segment. This results in normal CMAP amplitudes both distally and proximally. Late responses may be abnormal (see Chapter 4).




In demyelinating lesions, the crucial question that often must be addressed is how much of a drop in either amplitude or area is needed to properly identify a conduction block. From studies of normal subjects, CMAP amplitude and area generally do not decrease by more than 20%, and CMAP duration generally does not increase by more than 15%, when recorded from the typical distal and proximal stimulation sites (i.e., wrist to elbow, ankle to knee).*


These studies imply that any drop in either CMAP amplitude or area of more than 20% denotes conduction block, and any increase in CMAP duration of more than 15% signifies abnormal temporal dispersion. The effects of normal temporal dispersion, of course, depend on the distance. If more proximal stimulation is performed than in routine motor studies (e.g., axilla or Erb’s point stimulation), these values must be modified. In general, for Erb’s point stimulation, the cutoff values are doubled (i.e., area or amplitude drop of more than 40%, duration increase of more than 30%). In a similar vein, any abrupt drop in either CMAP area or amplitude over a short segment, even if <20%, and especially if associated with slowing, usually implies conduction block.


Although these guidelines regarding conduction block are useful, sophisticated studies using computer simulation techniques have questioned the proper electrophysiologic criteria for conduction block. Use of these techniques has shown that many of the amplitude and area criteria once considered diagnostic of motor conduction block in demyelinating lesions actually overlap with the amplitude and area drop that can be seen from a combination of temporal dispersion and phase cancellation alone, without conduction block.


In normal motor studies, temporal dispersion and phase cancellation generally do not lead to an appreciable drop in the proximal CMAP amplitude and area for the reasons discussed earlier. In demyelinating lesions, however, the conduction velocities may be very slow, and temporal dispersion and phase cancellation become more prominent for motor fibers. Using computer simulation models, CMAP area has been demonstrated to fall by 50%, and amplitude even farther, solely from the effects of temporal dispersion and phase cancellation in demyelinating lesions, without any conduction block (Figure 3–21). Thus, the criteria of more than a 50% drop in area between proximal and distal stimulation sites should be used to define electrophysiologic conduction block. Of course, it is important to remember that both conduction block as well as abnormal temporal dispersion and phase cancellation signify acquired demyelination.
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FIGURE 3–21 Temporal dispersion without conduction block.


A marked drop in proximal compound muscle action potential (CMAP) amplitude usually means conduction block. In the figure above, there is no conduction block between distal and proximal stimulation sites. The drop in amplitude was entirely due to abnormal temporal dispersion from a demyelinating lesion. To differentiate conduction block from abnormal temporal dispersion requires a drop in area >50%, which is not seen here.


(From Rhee, E.K., England, J.D., Sumner, A.J., 1990. A computer simulation of conduction block: effects produced by actual block versus interphase cancellation. Ann Neurol 28, 146, with permission of Little, Brown and Company.)





In any patient with a peripheral nerve disorder, the presence of demyelination is a key finding for several reasons. In entrapment neuropathies, the exact localization of the lesion can be accomplished only by demonstrating focal demyelination, either by conduction velocity slowing or by conduction block across the lesion site. In addition, the relative degree of conduction block across a lesion site indicates how much weakness and sensory loss are due to demyelination rather than axonal loss. This factor has direct implications for prognosis and the time course of recovery. For example, contrast two patients (Table 3–1), each of whom has a severe wrist drop from a radial neuropathy across the spiral groove (“Saturday night palsy”).




Table 3–1 Radial Motor Studies Across the Spiral Groove
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In both patients, there is a drop in amplitude across the spiral groove on the involved side. In patient 1, the distal CMAP amplitude (below the spiral groove) is slightly smaller than that on the contralateral, asymptomatic side. This comparison implies only a small amount of axonal loss (4 vs. 5 mV). However, there is a large drop in amplitude (4 vs. 0.5 mV) across the spiral groove, which implies that most of the patient’s weakness is secondary to conduction block. Conduction block signifies demyelination; therefore, the prognosis is good. The patient will likely recover quickly over several weeks as remyelination occurs. Contrast this situation with that of patient 2, in whom there is a marked loss of CMAP amplitude below the spiral groove compared with the contralateral side (1 vs. 5 mV). This implies significant axonal loss. Although there is some conduction block across the spiral groove (1 vs. 0.5 mV), most of this patient’s weakness is secondary to axonal loss, which implies a longer and possibly less complete recovery process.


Finally, the presence of demyelination in a patient with polyneuropathy has special significance because very few polyneuropathies show primarily demyelinating features on NCSs (Box 3–1). In patients with demyelinating polyneuropathies, the presence of conduction block at non-entrapment sites often can be used to differentiate between acquired and inherited conditions. In patients with inherited demyelinating polyneuropathies (e.g., Charcot–Marie–Tooth polyneuropathy, Type I), there is uniform slowing of conduction velocity without the presence of conduction blocks. This is in contrast to acquired demyelinating polyneuropathies (e.g., Guillain–Barré syndrome, chronic inflammatory demyelinating polyneuropathy), in which demyelination often is patchy and focal, resulting in conduction block on NCSs (Figure 3–22).





Box 3–1 


Demyelinating Neuropathies






Hereditary







Charcot–Marie–Tooth, Type I (CMT1)†


Charcot–Marie–Tooth, Type IV (CMT4)†


Charcot–Marie–Tooth, X-linked (CMTX)†


Dejerine–Sottas disease‡


Refsum disease


Hereditary neuropathy with liability to pressure palsy (HNPP)


Metachromatic leukodystrophy


Krabbe disease


Adrenoleukodystrophy


Cockayne syndrome


Niemann–Pick disease


Cerebrotendinous xanthomatosis


Mitochondrial neurogastrointestinal encephalomyopathy (MNGIE)












Acquired







Acute inflammatory demyelinating polyradiculoneuropathy (AIDP, the most common variant of Guillain–Barré syndrome)


Chronic inflammatory demyelinating polyradiculoneuropathy (CIDP)



Idiopathic



Associated with human immunodeficiency virus (HIV) infection



Associated with MGUS (especially IgM)



Associated with anti-MAG antibodies



Associated with osteosclerotic myeloma



Associated with Waldenström macroglobulinemia


Multifocal motor neuropathy with conduction block (±GM1 antibodies)


Diphtheria


Toxic (i.e., amiodarone, perhexiline, arsenic, glue sniffing, buckthorn shrub poisoning)





Although the list of demyelinating neuropathies is short compared to the differential for axonal neuropathies, it usually can be quickly narrowed even further by clinical history, age of onset, and the presence or absence of systemic and central nervous system features. From a practical point of view, the differential diagnosis of a subacute/chronic demyelinating neuropathy in an adult is likely either an inherited neuropathy (CMT type I) or CIDP and one of its variants. MGUS, monoclonal gammopathy of undetermined significance; MAG, myelin associated glycoprotein.







† The nomenclature of demyelinating Charcot–Marie–Tooth inherited polyneuropathies is complex. Type 1 refers to autosomal dominant, Type 4 to autosomal recessive, and Type X to X-linked. Each type has several subtypes based on the specific genetic defect. Although the conduction velocities are in the demyelinating range, CMTX in males may have more intermediate conduction velocities (e.g., 25–38 m/s) than the more common CMT1 group. In female carriers of CMTX, conduction velocities are only slightly slow or in the normal range.


‡ Dejerine–Sottas disease is a historical term used to denote a severe demyelinating neuropathy in children. Formerly considered a distinct entity with autosomal recessive inheritance, genetic analysis has demonstrated that Dejerine–Sottas is a syndrome caused by either recessive inheritance or de novo mutations with autosomal dominant inheritance. The recessive forms are now incorporated into the CMT4 group, but the de novo autosomal dominant mutations are on the same genes implicated for CMT1, but with the genetic defect resulting in a much more severe demyelinating neuropathy.
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FIGURE 3–22 Conduction block and chronic inflammatory demyelinating polyneuropathy (CIDP).


Ulnar motor study in a patient with CIDP, recording abductor digiti minimi, stimulating wrist (WR), below groove (BG), above groove (AG), axilla (AX), and Erb’s point. Note the conduction block/temporal dispersion pattern between wrist and below elbow, and between axilla and Erb’s point. Conduction block and abnormal temporal dispersion are markers of acquired demyelination. They do not occur in inherited demyelinating neuropathies, except in common areas of entrapment or compression.

















Myopathy


In myopathic disorders, sensory conduction studies are always normal unless there is a superimposed neuropathic condition. Because most myopathies primarily affect proximal muscles and most motor conduction studies record distal muscles, CMAP amplitudes and distal latencies are also generally normal. However, some rare myopathic disorders preferentially affect distal muscles, and in such situations CMAP amplitudes may be low. The same is true if the myopathy is severe and generalized (e.g., critical illness myopathy). Even in these situations, however, the distal latencies and conduction velocities will remain normal.









Neuromuscular Junction Disorders


As in myopathic disorders, sensory studies are normal in disorders of the NMJ. Abnormalities of the CMAP may be seen depending on whether the NMJ pathology is presynaptic or postsynaptic. In postsynaptic disorders (e.g., myasthenia gravis), the motor studies, including the CMAP amplitude, usually are completely normal. However, the situation is different in presynaptic disorders (e.g., Lambert–Eaton myasthenic syndrome, botulism). In these conditions, CMAP amplitudes usually are low at rest, with normal latencies and conduction velocities. To demonstrate a disorder of NMJ transmission, repetitive nerve stimulation, exercise testing, or both need to be performed (see Chapter 6).
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* The only normal exception to these findings occurs during routine tibial motor studies. The tibial CMAP often is smaller in amplitude and area, and more dispersed, when stimulating at the popliteal fossa than when stimulating at the ankle. The reason for this finding is not completely clear, although, in some cases, supramaximal stimulation is difficult to achieve at the popliteal fossa. In practice, one should always be cautious calling a proximal drop in amplitude or area a conduction block during routine tibial motor studies. A drop in amplitude up to 50% may be seen in normal subjects when stimulating the tibial nerve at the popliteal fossa.










4 Late Responses


Nerve conduction studies are most often used to assess distal nerve segments, with routine stimulation seldom done above the elbow or knee. Few studies can be easily performed to assess the more proximal nerve segments (plexus and roots). In the arm, surface stimulation can be performed proximally in the axilla and at Erb’s point, although technical factors limit these studies, especially at Erb’s point. Needle stimulation or high-voltage stimulators, both of which have technical limitations, often are needed to study proximal nerve segments at the root level. In the electromyography (EMG) laboratory, two late responses, the F response and the H reflex, are used routinely to study the more proximal nerve segments. Each has its advantages and limitations (Table 4–1). Although both are usually thought of as assessing only the proximal nerve segments, in reality they travel the entire nerve segment from distal to proximal and back. Thus, they are most useful when routine nerve conduction studies, which assess distal segments, are normal and the late responses are abnormal, a situation that implies a proximal lesion.


Table 4–1 Late Responses: F Response and H Reflex






	 

	F Response

	H Reflex






	Afferent

	Motor

	Sensory (Ia muscle spindle)






	Efferent

	Motor

	Motor






	Synapse

	No

	Yes






	Nerves studied

	All

	Tibial–soleus (median-FCR, femoral-quads)






	Stimulation

	Supramaximal

	Submaximal, long duration pulse (1 ms)






	Configuration

	



Usually polyphasic


Amplitude 1–5% CMAP


Varies with each simulation







	



Triphasic and stable


At low stimulation intensity, H is present without M


As stimulation is increased, H and M increase


At high stimulation, H decreases and M increases












	Measurements    

	



Minimal latency


Chronodispersion


Persistence







	



Minimal latency


H/M ratio (maximal H/maximal M amplitude)












	Major uses

	



Early Guillain–Barré syndrome


C8–T1, L5–S1 radiculopathy


Polyneuropathy


Internal control (entrapment neuropathy)







	



Early polyneuropathy


S1 radiculopathy


Early Guillain–Barré syndrome


Tibial and sciatic neuropathy, sacral plexopathy












	Normal values

	



≤32 ms median/ulnar*


≤56 ms peroneal/tibial*


Compare to F estimate


Compare symptomatic to asymptomatic side


Chronodispersion


<4 ms (median/ulnar)


<6 ms (peroneal/tibial)


Persistence >50%







	



≤34 ms*


Leg length nomogram


Height nomogram


≤1.5 ms difference side to side


H/M ratio ≤50%












	Miscellaneous

	



In normals, peroneal F waves may be absent or impersistent


F responses may be absent in sleeping or sedated patients


F responses may be absent with low-amplitude distal CMAPs


May be enhanced by Jendrassik maneuver







	



Electrical correlate of the ankle jerk


Must be present if ankle jerk is present


May be present even if ankle jerk is absent


May be enhanced by Jendrassik maneuver













CMAP, compound muscle action potential. FCR, flexor carpi radialis.


* Assumes median height, normal conduction velocity and distal latency.






F Response


The F response is a late motor response that occurs after the compound muscle action potential (CMAP, also known as the direct motor [M] potential) (Figure 4–1). The F response derives its name from the word “foot” because it was first recorded from the intrinsic foot muscles. In the upper extremity, when the median or ulnar nerves are stimulated at the wrist, the F response usually occurs at a latency of 25 to 32 ms. In the lower extremity, when the peroneal or tibial nerves are stimulated at the ankle, the F response usually occurs at a latency of 45 to 56 ms. If the stimulator is moved proximally, the latency of the CMAP increases as expected, but the latency of the F response actually decreases (Figure 4–2). This is due to the circuitry of the F response, which is initially antidromic toward the spinal cord. Thus, with more proximal stimulation, the action potential has less distance to travel, hence the shorter latency. During a routine motor nerve conduction study, one usually thinks of the action potential as traveling down the nerve across the neuromuscular junction (NMJ) to subsequently depolarize the muscle. When stimulated, however, the nerve conducts well in both directions. The F response is derived by antidromic travel up the nerve to the anterior horn cell, with backfiring of a small population of anterior horn cells, resulting in orthodromic travel back down the nerve past the stimulation site to the muscle (Figure 4–3). The F response is actually a small CMAP, representing 1 to 5% of the muscle fibers. The F response circuitry, both afferent and efferent, is therefore pure motor. There is no synapse, so it is not a true reflex. In conditions that selectively affect the sensory nerves or sensory nerve roots, the F responses are completely normal.
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FIGURE 4–1 Normal F response.


Stimulating the median nerve at the wrist, recording abductor pollicis brevis. F, F response; M, direct motor response (i.e., compound muscle action potential). Note that to accurately measure the F response, the gain must be increased to 200 µV and the sweep to either 5 or 10 ms (bottom trace). With these settings, the F response is well seen, but the M response saturates the amplifier and becomes distorted.
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FIGURE 4–2 Normal F responses, distal and proximal stimulation.


Median F responses recording abductor pollicis brevis, stimulating wrist (top trace) and elbow (bottom trace). DL, distal compound muscle action potential (CMAP) latency; PL, proximal CMAP latency. Note with proximal stimulation, the proximal CMAP latencies increase as expected, but the F response latencies decrease, due to the F response traveling a shorter distance antidromically to the spinal cord.
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FIGURE 4–3 F response circuitry.


When a nerve is stimulated distally (S), depolarization occurs both orthodromically and antidromically. The direct muscle response (M) occurs from orthodromic travel. The F response (F) is derived from antidromic travel to the anterior horn cell, backfiring of some anterior horn cells, and orthodromic travel back down the nerve past the stimulation site to the muscle.




Each F response varies slightly in latency, configuration, and amplitude because a different population of anterior horn cells is activated with each stimulation. Presumably, the shortest latency represents the largest and fastest conducting motor fibers. Several measurements can be made on the F responses, with the most common being the minimal (or fastest) F response latency (Figure 4–4). F wave persistence is a measure of the number of F waves obtained per the number of stimulations. Normal F wave persistence is between 80 and 100%, and always above 50% with the exception of the peroneal F responses (see below). F wave chronodispersion is a measure of the difference between the minimal (fastest) and maximal (slowest) F response latency. Normal chronodispersion is up to 4 ms in the upper extremities and up to 6 ms in the lower extremities. F responses can be obtained from any motor nerve. The only notable exception to this is the peroneal nerve, wherein F responses may be difficult to elicit even in normal subjects. Note also that F responses may be absent or impersistent in all nerves in sleeping or sedated patients. In these situations, absent or impersistent F responses are not necessarily a sign of pathology. F responses are best obtained with distal stimulation. With proximal stimulation, they often are superimposed on the terminal CMAP and may be more difficult to identify.
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FIGURE 4–4 F response measurements.


F responses, ten rastered traces. Minimal latency is the shortest (fastest) of the ten responses, representing the largest, fastest conducting fibers. Chronodispersion is the difference between the minimal and maximal latency F response. F wave persistence is the number of F responses obtained per number of stimulations. In this case, F responses are absent in traces 4 and 10; persistence = 80%.








F Response Procedure


To obtain an F response, the setup is essentially the same as that for a routine motor conduction study using distal stimulation. Several adjustments must be made to the EMG machine to record F responses, however. The gain should be increased to 200 µV (because the amplitude of the F response is quite low), and the sweep speed should be increased to 5 or 10 ms, depending on the length of the nerve being studied. Supramaximal stimulation must always be used, and the stimulator should be turned around so that the cathode is more proximal (Figure 4–5). Although F responses typically can be obtained with the stimulator in the standard position (cathode distal), there is the theoretical possibility of anodal block (wherein the nerve hyperpolarizes under the anode, blocking antidromic travel of the action potential from the depolarization site under the cathode). One should stimulate at a rate no faster than once every two seconds (0.5 Hz). This is done in order to avoid the effects of the previous stimulus on a subsequent response. In addition, stimulating at this rate is much more comfortable for the patient and avoids the “temporal summation of pain” that occurs when the stimulation frequency is too fast (i.e., the patient is stimulated again before recovering from the discomfort of the previous one).
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FIGURE 4–5 F response setup.


Setup for median nerve shown. Recording electrodes are placed as in routine motor studies. The nerve is stimulated supramaximally distally with the cathode placed proximally to avoid the theoretic possibility of anodal block.




Because each F response varies in latency and amplitude, it is important to obtain at least ten F responses, preferably on a rastered trace. Indeed, the normal values of F waves are based on doing at least ten stimulations. If one is unable to obtain an F response, first ensure that the nerve has been stimulated supramaximally. Second, the Jendrassik (reinforcement) maneuver can be of help in “priming” the anterior horn cells. The patient can be asked to make a fist with the contralateral hand or clench the teeth prior to each stimulation. This maneuver often will elicit an F response where one was not present at rest. It should be noted that one should not do the Jendrassik maneuver unless the F responses are difficult to elicit. Paradoxically, performing a Jendrassik maneuver when not necessary can actually decrease the likelihood of obtaining F responses.*


Of the various F response measurements (minimal latency, chronodispersion [maximal minus minimal F response latency], and F wave persistence [Figure 4–6]), the minimal F wave latency is the most reliable and useful measurement, although occasionally side-to-side differences in F wave persistence and chronodispersion help in identifying an abnormality. Unfortunately, because F responses are quite small, there is often some inherent error in placing the latency markers. It is best to place the latency marker on the F response at the point where it departs from the baseline, with either a positive or negative deflection. In addition, superimposing the rastered traces once all the responses are obtained is often helpful in determining the minimal latency.
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FIGURE 4–6 F response abnormalities.


Tibial F responses, five rastered traces. Left: Right leg. Right: Left leg. The minimal F response is prolonged in the left leg, and the responses are impersistent, consistent with a proximal lesion (e.g., S1 radiculopathy).




It is important to emphasize that although F responses usually are thought of as assessing the proximal nerve segments, they actually check the entire nerve. For example, any nerve with a prolonged distal motor latency on routine nerve conduction studies will also have prolonged F responses, because the F response must travel through the distal segment of nerve as well as the proximal segment. This situation is commonly seen in patients with median neuropathy at the wrist, wherein the median minimal F latency is often prolonged; in this situation, the depolarization travels antidromically from the stimulation site at the wrist up the nerve to the anterior horn cell, and then back down the nerve to the point of stimulation. However, once the depolarization proceeds past the point of stimulation, through the area of slowing at the wrist, this results in prolongation of the F response. Likewise, if there is generalized conduction velocity slowing from a polyneuropathy, the F response will also be slowed, reflecting the slowed conduction velocity of the entire nerve. The F response latency is shorter in the arms than in the legs, reflecting the shorter length of nerve traveled. Therefore, it should be no surprise that taller patients have longer F responses than do shorter patients. Thus, the distal motor latency, the conduction velocity, and the height of the patient must all be taken into account before a prolonged F response is interpreted as indicating a proximal nerve lesion.









The F Estimate


One of the more useful calculations to perform is that of the F estimate. The F estimate takes into account the distal motor latency, the conduction velocity, and the patient’s limb length in determining whether a prolonged F response is truly due to a lesion of the proximal nerve segment, or merely reflects an abnormal distal motor latency or conduction velocity or an unusually tall patient. The F estimate is calculated by determining the theoretical time it should take for the F response to occur, taking into account all of these variables (Figure 4–7). First, one must calculate the time it takes for the F response to go from the stimulation site to the anterior horn cells in the spinal cord, by dividing the distance between those sites by the motor nerve conduction velocity. Second, there is a brief turnaround time at the anterior horn cell, which has been estimated experimentally to be approximately 1 ms. Third, the time it takes the F response to travel back down the nerve from the anterior horn cell to the distal stimulation site is the same as the time it takes to travel up the nerve. Finally, the time it takes the F response to travel from the stimulation site to the muscle is the distal motor latency. Therefore, if one knows the motor nerve conduction velocity and the distal motor latency (from the routine motor conduction study), one can measure the distance between the stimulation site and spinal cord to calculate the F estimate. The distance between the stimulation site and the spinal cord can be approximated by measuring from the xiphoid process to the ankle stimulation site for the peroneal and tibial studies, and from the C7 spinous process to the wrist stimulation site for the median and ulnar studies.
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FIGURE 4–7 F estimate calculation.


X is the time from the stimulation site (S) to the spinal cord; Y is the turnaround time at the anterior horn cell; Z is the time from the stimulation site to the muscle. Theoretical F estimate = 2X + Y + Z. X can be calculated by measuring the distance between the stimulation site and the spinal cord (D), which then is divided by the conduction velocity of the nerve. Z is the distal latency. The turnaround time, Y, has been estimated experimentally as 1 ms. Thus, the F estimate = (2D/CV) × 10 + 1 ms + DL (a conversion factor of 10 is needed to obtain an answer in milliseconds).
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where D is the distance from the stimulation site to the spinal cord (cm), CV is the conduction velocity (m/s), DL is the distal motor latency (ms), and 10 is the conversion factor to milliseconds. The turnaround time of 1 ms at the anterior horn cell is added to the equation. The actual measured minimal F wave latency is usually slightly shorter than the F estimate. This is because the conduction velocity used in the equation is measured from the distal nerve segment (forearm or leg), which is then used to estimate the entire conduction velocity up to the anterior horn cell. However, the conduction velocity in more proximal segments of nerve tends to be slightly faster, due to a combination of larger nerve fiber diameter and warmer temperature in the proximal nerve segments. Therefore, if the measured minimal F response is prolonged compared to the F estimate, this implies a delay in the proximal nerve segments out of proportion to what would be expected for the distal motor latency, the motor conduction velocity, and the limb length of the patient.


Unfortunately, the usefulness of F responses is quite limited, because of their lack of specificity in determining the site or cause of a lesion. They do, however, serve a useful purpose in testing the entire nerve circuit, and can be used as a good internal control for other nerve conduction abnormalities. For instance, in most polyneuropathies, the F responses are expected to be slightly prolonged. In distal entrapment neuropathies, such as carpal tunnel syndrome, the F responses typically are prolonged. F responses have their greatest usefulness in identifying early polyradiculopathy such as occurs in Guillain–Barré syndrome. Guillain–Barré syndrome, which is an acquired demyelinating polyradiculoneuropathy, commonly begins with demyelination of the nerve roots. Early in Guillain–Barré syndrome, the routine motor nerve conduction studies may be entirely normal, with prolonged or absent F responses, a pattern that implies proximal demyelination. It is also important to remember that F responses are generally not seen in nerves where the CMAP amplitude is severely reduced. Because the F response is 1 to 5% of the amplitude of the CMAP, F responses often are unobtainable or very low in amplitude and difficult to measure, if the CMAP amplitudes are severely reduced. For instance, if the tibial F responses are absent in a patient whose CMAP amplitude is only 200 µV, this does not imply a proximal lesion but rather reflects the low chance of eliciting an F response from a nerve with such severe axonal loss. One should not try to obtain F responses in a motor nerve with an absent CMAP, and one can make a strong argument against even trying to obtain them in a motor nerve if the CMAP amplitude is very low, as an absent F response in this setting does not have significance.


One would assume that F responses should have their greatest usefulness in the diagnosis of radiculopathy or plexopathy. Unfortunately, from a practical point of view, their usefulness in the diagnosis of these disorders is limited. First, F responses can only check the nerve or nerve roots that innervate the muscle being recorded. In the upper extremity, where the median and ulnar nerves typically are recorded, their distal muscles (i.e., abductor pollicis brevis, abductor digiti minimi) are innervated by the C8 and T1 nerve roots. Radiculopathy from a herniated disk or spondylosis only rarely affects those nerve roots, compared with the more commonly affected C5, C6, and C7 nerve roots. A lesion of the C5, C6, or C7 nerve root would not be expected to show any F wave abnormality recording the distal median and ulnar muscles. Thus, F responses have potential usefulness only in assessing possible C8–T1 radiculopathies in the upper extremity and L5–S1 radiculopathies in the lower extremity (distal recorded peroneal and tibial muscles are L5–S1 innervated).


Second, if a radiculopathy predominantly affects sensory nerve root fibers (as often occurs with initial symptoms of pain and radiating paresthesias), the F response, which measures motor fibers, will be normal. Third, if a small segment of the nerve is demyelinated, this likely will be diluted out in the F response latency, which includes the entire length of the nerve, most of which is conducting at a normal velocity. Finally, for the F responses to be completely absent or for the minimal latency to be delayed, all or at least most of the motor nerve fibers must be involved. However, this is rarely the case in radiculopathy or plexopathy, unless the lesion is markedly severe. For instance, if half of the nerve fibers are affected, a normal minimal F wave latency may still be recorded, reflecting the remaining unaffected fibers, unless all of the fastest conducting fibers have been affected. In addition, because all muscles are supplied by at least two, if not three, myotomes, fibers from the uninvolved myotomes are still available to conduct a normal F response. For example, in a severe C8 radiculopathy, the median and ulnar F waves would still be normal because both the abductor pollicis brevis (median innervated) and abductor digiti minimi (ulnar innervated) are innervated by both C8 and T1 nerve roots, allowing T1 fibers to conduct normal F responses.


As in most other nerve conduction studies, comparison of the symptomatic to the asymptomatic side often is helpful when evaluating F responses. Finally, it is important to reemphasize that if the distal nerve conductions are normal, a prolonged F response may occur in proximal neuropathy, plexopathy, or radiculopathy, and the finding cannot be used to differentiate among those possibilities.












H Reflex


The H reflex derives its name from Paul Hoffmann, who first evoked the response in 1918. The H response is distinctly different from the F response in that it is a true reflex with a sensory afferent, a synapse, and a motor efferent segment. Likewise, several other properties differentiate the H and F responses (Table 4–1). Unlike the F response that can be elicited from all motor nerves, the distribution of the H reflex is much more limited. In newborns, H reflexes are widely present in motor nerves, but beyond the age of two, they can only be routinely elicited by stimulating the tibial nerve in the popliteal fossa and recording the gastroc–soleus muscle. Although there are techniques for obtaining an H reflex from the femoral nerve recording the quadriceps muscle and from the median nerve recording the flexor carpi radialis muscle, both of these have significant limitations.


The circuitry of the H reflex involves the Ia muscle spindles as sensory afferents and the alpha motor neurons and their axons as efferents (Figure 4–8). If a low submaximal stimulus with a long duration pulse is applied to a nerve, it is possible to relatively selectively activate the Ia fibers. Several adjustments must be made to the EMG machine to record an H reflex, similar to those made for the F response. The gain must be increased initially to 200 to 500 µV. The typical H reflex latency is approximately 30 ms, so the sweep speed must be increased to 10 ms. Most important, the stimulus duration must be increased to 1 ms in order to selectively stimulate the Ia fibers. The recording montage consists of G1 placed over the soleus and G2, the reference electrode, placed over the Achilles tendon (Figure 4–9). Although the H reflex can be recorded over any portion of the gastrocnemius and soleus muscles, the optimal location that yields the largest H reflex has been studied. If one draws a line from the popliteal fossa posteriorly to the Achilles tendon where the medial malleolus flares out and then divides that line into eight equal parts, the optimal location is at the fifth or sixth segment distally, over the soleus (Figure 4–10). This location is approximately two to three fingerbreadths distal to where the soleus meets the two bellies of the gastrocnemius. The tibial nerve is stimulated in the popliteal fossa, with the cathode placed proximally and beginning at very low stimulus intensities. One should stimulate at a rate no faster than once every 2 seconds (0.5 Hz) in order to avoid the effects of a previous stimulus on a subsequent response. As the current is slowly increased, an H reflex (which usually is triphasic) first appears at a latency of 25 to 34 ms. H reflexes are routinely recorded with the muscle at rest. If an H reflex cannot be elicited, having the patient slightly plantar flex the ankle can be used to enhance the H reflex. If that is not helpful, the Jendrassik maneuver, as described earlier for the F response, can be used to prime the anterior horn cells. As the stimulus intensity is slowly increased, the H reflex continues to increase in amplitude and decrease in latency. As the stimulus intensity is increased further, a direct motor (M) potential appears along with the H reflex. As the stimulus intensity is increased still further, the M potential grows in size and the H reflex decreases in size.
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FIGURE 4–8 H reflex circuitry.


The afferent loop is formed from Ia sensory fibers and the efferent loop from motor axons, with an intervening synapse in the spinal cord. At low stimulation intensity (left), the Ia sensory fibers are selectively activated, yielding an H reflex without a direct motor (M) potential. With increasing stimulation (middle), more Ia sensory fibers are activated, as are some of the motor fibers. The motor fiber stimulation results in a small M potential and some collision proximally of the descending H reflex by the antidromic motor volley. At higher stimulation (right), the selective activation of the Ia sensory fibers is lost. Both sensory and motor fibers are stimulated at high levels. The higher motor stimulation results in an increasingly larger M potential. However, the H reflex decreases in size as there is greater collision proximally of the descending H reflex from the antidromic motor volley.
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FIGURE 4–9 H reflex setup.


To record the H reflex, G1 is placed over the soleus, two to three fingerbreadths distal to where it meets the two bellies of the gastrocnemius muscle, with G2 over the Achilles tendon. The tibial nerve is stimulated submaximally in the popliteal fossa, with the cathode placed proximal to the anode.
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FIGURE 4–10 Optimal recording location for the H reflex.


If one draws a line from the popliteal fossa posteriorly to the Achilles tendon where the medial malleolus flares out and then divides that line into eight equal parts, the optimal location for placing the active recording electrode (G1) is at the fifth or sixth segment distally. This location over the soleus is approximately two to three fingerbreadths distal to where the soleus meets the two bellies of the gastrocnemius.




Obtaining the H reflexes on a rastered trace, which can be superimposed once all the responses are obtained, may be helpful in determining the minimal latency, which is generally also associated with the largest amplitude. It is best to place the latency marker on the H reflex at the point where it departs from the baseline, which most often is a positive (i.e., downward) deflection. At supramaximal stimulation, the H reflex disappears, and the M potential is seen followed by an F response, which has now replaced the H reflex. The explanation for these events is as follows. Initially, with very low stimulation, the H reflex appears without the M potential (Figure 4–11) because only the Ia afferents are selectively stimulated at low stimulus intensities. As the Ia afferents are stimulated, the sensory action potential travels orthodromically to the spinal cord, across the synapse, creating a motor potential that travels orthodromically down the motor nerve to the muscle, in turn creating the H reflex. The motor axons have not been directly stimulated at this point; therefore, there is no M potential. As the stimulus intensity is increased, both the Ia afferents and the motor axons are directly stimulated. At this point, the orthodromically traveling motor action potentials create the M potential, but the motor action potentials also travel antidromically toward the spinal cord (Figure 4–8). These antidromically traveling potentials collide with the orthodromically traveling H reflex potentials, resulting in a decrease in the size of the H reflex. At supramaximal stimulation, both the Ia afferents and the motor axons are stimulated at high levels, and there is greater collision proximally of the descending H reflex. The H reflex then disappears, often replaced by the F response, and the M potential increases in size.
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FIGURE 4–11 H reflex.


Note at low stimulation intensities, an H reflex is present without a direct motor (M) response. With increasing stimulation, the H wave grows and the M response appears. At higher stimulation, the M potential continues to grow and the H reflex diminishes, due to collision between the H reflex and antidromic motor potentials.




Typically the H reflex with the shortest latency is measured and compared with a set of normal controls for height (Figures 4–12 and 4–13). Comparison with the contralateral side is more useful in assessing a unilateral lesion; any difference of more than 1.5 ms is considered significant. Of course, both H reflexes must be acquired using the same distance for the stimulating and recording electrodes, in order for a side-to-side difference to be considered significant. In addition, the maximal amplitude of the H response (often measured peak to peak) can be compared with the maximal amplitude of the M potential (measured peak to peak) to calculate an H/M ratio (Table 4–1), see below.
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FIGURE 4–12 H latency reference values.


Normal H latencies are based on leg length and age. Leg length is measured between the stimulation site in the popliteal fossa and the medial malleolus.


(Reprinted with permission from Braddom, R.I., Johnson, E.W., 1974. Standardization of the H-reflex and diagnostic use in S1 radiculopathy. Arch Phys Med Rehabil 55, 161.)
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FIGURE 4–13 H latency reference values.


Normal H reflex latencies are based on height.


(From Lachman, T., Shahani, B.T., Young, R.R., 1980. Late responses as aids to diagnosis in peripheral neuropathy. J Neurol Neurosurg Psychiatry 43, 56, courtesy of the BMJ Publishing Group.)





The H reflex can be useful in a couple of situations. First, the response is the electrical correlate of the S1 tendon ankle reflex. If the ankle reflex is present clinically, an H reflex should always be present. If the ankle reflex is absent, however, an H reflex may still be present in some cases. Any lesion that might decrease the ankle reflex might also prolong the H reflex. Thus, one may see a prolonged H reflex in polyneuropathy, proximal tibial and sciatic neuropathy, lumbosacral plexopathy, and lesions of the S1 nerve root. One should keep in mind that bilaterally absent H reflexes in the elderly are not necessarily abnormal, and correlate with the common clinical finding of absent ankle reflexes in a significant number of elderly patients. In addition, the H/M ratio is a crude assessment of anterior horn cell excitability. The H/M ratio often increases in upper motor neuron lesions. Likewise, the presence of H reflexes in other muscles in an adult should suggest a central disorder.









Axon Reflex


The axon reflex (A wave), although not a true reflex, is another late potential that often is recognized during the recording of F responses. The axon reflex typically occurs between the F response and the direct motor (M) response (Figure 4–14). An axon reflex is identified as a small motor potential that is identical in latency and configuration with each successive stimulation. This is in contrast to the F response, which varies slightly in latency and configuration from stimulation to stimulation. It often is useful to acquire these potentials on a rastered trace, which can be superimposed. Axon reflexes, unlike F responses, superimpose perfectly on one another. Axon reflexes typically are seen in reinnervated nerves, especially when a submaximal stimulus is given.
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FIGURE 4–14 Axon reflex.


Tibial F responses, ten rastered traces. Note that in traces 2, 5, 6, and 10, there is an additional potential, the axon reflex, that occurs between the compound action potential and the F response (top). When superimposed (bottom), the axon reflexes superimpose perfectly, in contrast to the F waves, which differ in configuration and latency in each trace.




An axon normally divides into its terminal divisions very close to the muscle, which usually is distal to the common distal stimulation sites for most nerves studied in the EMG laboratory. In reinnervated nerves, however, terminal branching points from collateral sprouting may occur proximal to the distal stimulation site. It is in this latter situation, with submaximal stimulation, that an axon reflex may occur. As a nerve is stimulated, the action potential travels both distally and proximally. If the proximally traveling antidromic pulse passes a terminal branching point, the pulse might then travel back down that branching nerve fiber to the muscle to create an axon reflex, which occurs after the M potential but before the F response (Figure 4–15). With supramaximal stimulation, the antidromic volley usually collides with the orthodromically traveling axon reflex, and the axon reflex is not seen. If all the distal nerve fibers have not been supramaximally stimulated, however, there may be no antidromic volley in the branching fibers to collide with the orthodromically traveling axon reflex, in which case the potential is free to travel back down the branching fiber to the muscle, creating the axon reflex. Axon reflexes are important to identify because they often suggest reinnervation along the nerve, as well as the possibility that the stimulation is not supramaximal. Most important, axon reflexes should not be confused with the F response, which usually occurs later. Rarely, the axon reflex will follow rather than precede the F response, if the regenerating collateral fibers are conducting very slowly.
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FIGURE 4–15 Axon reflex circuit.


Left: Normally, the axon divides into its terminal divisions close to the muscle. When stimulation occurs distally, orthodromic travel results in a direct motor (M) potential, while antidromic travel results in an F response as usual. Middle: Following denervation, collateral sprouts may grow from the more proximal axon to reinnervate denervated muscle fibers. The antidromic pulse may pass a collateral branching point to a nerve fiber and travel orthodromically back down the branching nerve fiber to the muscle to create the axon reflex. This occurs in the situation where all the distal nerve fibers have not been supramaximally stimulated, and there is no antidromic pulse to collide with the action potential traveling down the collateral fibers. Because the length of nerve traveled for the axon reflex is less than that traveled for the F response, the axon reflex usually occurs before the F response. It is identified by its identical latency and configuration with each successive stimulation. Right: With supramaximal stimulation, the axon reflex often is eliminated, due to collision between the orthodromically traveling axon reflex and the antidromic volley from the reinnervated sprout.




Although axon reflexes are most often associated with reinnervation following axonal loss lesions, they also can be seen in demyelinating neuropathies. Most classic is Guillain–Barré syndrome, where they are often seen in the first several days of the illness. Their etiology in this setting remains a topic of debate, but has been speculated to occur from ephaptic spread from one nerve fiber to another at a point of inflammation and demyelination (ephaptic meaning direct spread from one nerve membrane to another).
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* Action potentials generated from the anterior horn cell normally originate near the axon hillock (the area where the axon meets the anterior horn cell). Both inhibitory and excitatory postsynaptic potentials are summed together at the axon hillock. If threshold is reached, an action potential is generated that normally runs down the length of the axon. The Jendrassik maneuver is thought to enhance motor neuron excitability (i.e., it results in excitatory postsynaptic potentials). For the F response to occur, the depolarization must travel antidromically into the axon hillock and motor neuron, and then travel out of the dendritic tree to return to “backfire” the axon hillock a second time. If the axon hillock and motor neuron are at a very high level of excitability (i.e., from the Jendrassik maneuver), then it is possible that the motor neuron depolarization will occur so rapidly that when the depolarization returns to “backfire” the axonal hillock it may still be refractory and unable to initiate another discharge. Thus, if the motor neuron is not close to threshold, a Jendrassik maneuver will be helpful in priming the motor neuron to facilitate the generation of an F response; however, if the motor neuron is too primed, it can actually inhibit the generation of the F response.










5 Blink Reflex


Few routine electrophysiologic tests are available to evaluate the cranial nerves and their proximal segments other than visual and brainstem evoked potentials. However, cranial nerves V (trigeminal) and VII (facial), along with their connections in the pons and medulla, can be assessed electrically with the blink reflex. The blink reflex is essentially the electrical correlate of the clinically evoked corneal reflex. Like the H reflex, the blink reflex is a true reflex, with a sensory afferent limb, intervening synapses, and a motor efferent. Blink reflexes are useful in detecting abnormalities anywhere along the reflex arc, including peripheral and central pathways. Accordingly, neuropathies or compressive lesions of the peripheral facial or trigeminal nerves may be detected, as well as central lesions in the brainstem, including those caused by brainstem strokes and multiple sclerosis.






Anatomy


The afferent limb of the blink reflex is mediated by sensory fibers of the supraorbital branch of the ophthalmic division of the trigeminal nerve (cranial nerve V1) and the efferent limb by motor fibers of the facial nerve (cranial nerve VII). Just as with the corneal reflex, ipsilateral electrical stimulation of the supraorbital branch of the trigeminal nerve elicits a facial nerve (eye blink) response bilaterally. Stimulation of the ipsilateral supraorbital nerve results in an afferent volley along the trigeminal nerve to both the main sensory nucleus of V (mid-pons) and the nucleus of the spinal tract of V (lower pons and medulla) in the brainstem. Through a series of interneurons in the pons and lateral medulla, the nerve impulse next reaches the ipsilateral and contralateral facial nuclei, from which the efferent signal travels along the facial nerve bilaterally (Figure 5–1).
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FIGURE 5–1 Blink reflex anatomy.


The afferent loop of the blink reflex is mediated by the first division of the trigeminal nerve (V1), which synapses with both the main sensory nucleus of cranial nerve V (VM) in the mid-pons and the nucleus of the spinal tract of cranial nerve V (VS) in the medulla. The earlier R1 potential is mediated by a disynaptic connection between the main sensory nucleus and the ipsilateral facial motor nucleus (VII). The later R2 responses are mediated by a multisynaptic pathway between the nucleus of the spinal tract of cranial nerve V and both ipsilateral and contralateral facial nuclei (VII). The efferent pathway for both R1 and R2 is mediated via the facial nerve to the orbicularis oculi muscles.


(Modified from Chusid JC. Correlative neuroanatomy and functional neurology, 18th ed. Stamford, CT: Appleton & Lange, 1982, with permission.)





The blink reflex has two components, an early R1 and a late R2 response. The R1 response is usually present ipsilaterally to the side being stimulated, whereas the R2 response is typically present bilaterally. The R1 response is thought to represent the disynaptic reflex pathway between the main sensory nucleus of V in the mid-pons and the ipsilateral facial nucleus in the lower pontine tegmentum. The R2 responses are mediated by a multisynaptic pathway between the nucleus of the spinal tract of V in the ipsilateral pons and medulla and interneurons forming connections to the ipsilateral and contralateral facial nuclei.


The earlier R1 response usually is stable and reproducible, with biphasic or triphasic morphology. In a small percentage of normal individuals, the R1 response cannot be reliably elicited on either side. The R2 responses, on the other hand, are polyphasic and variable from stimulation to stimulation. With repeated stimulation, the R2 responses tend to habituate.









Blink Reflex Procedure


The patient should be in a relaxed state, lying supine on the examining table, with the eyes either open or gently closed (Box 5–1). Recording is performed simultaneously from both sides of the face using a two-channel recording apparatus. Surface recording electrodes are placed over the inferior orbicularis oculi muscles bilaterally (Figure 5–2). For recording the compound motor action potential from the orbicularis oculi muscle, the active recording electrode (G1) is best placed below the eye just lateral and inferior to the pupil at mid-position. The corresponding reference electrodes (G2) are placed just lateral to the lateral canthus bilaterally. Alternatively, recording can be done with small concentric needle electrodes placed in the orbicularis oculi bilaterally. The ground electrode is placed on the mid-forehead or chin.





Box 5–1 


Blink Response Procedure







1. The patient should be in a relaxed state, lying supine on the examining table, with the eyes either open or gently closed.


2. Recording from both orbicularis oculi muscles is performed simultaneously.


3. Active recording electrodes are placed below the eye just lateral and inferior to the pupil at mid-position, with the reference electrodes placed just lateral to the lateral canthus.


4. A ground electrode is placed over the mid-forehead or chin.


5. Sweep speed set at 5 or 10 ms/division.


6. Sensitivity set at 100 or 200 µV/division.


7. Motor filter settings are 10 Hz and 10 kHz.


8. Stimulate each supraorbital nerve (preferably with pediatric prong stimulator) over medial eyebrow, recording orbicularis oculi bilaterally. Allow several seconds between successive stimulations to prevent habituation.


9. For each side, 4–6 stimuli are obtained on a rastered tracing and superimposed to determine the shortest response latencies.
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FIGURE 5–2 Blink reflex procedure.


Both orbicularis oculi muscles are recorded simultaneously. The active recording electrodes (G1) are placed below the eye inferior and slightly lateral to the pupil at mid-position, with the reference recording electrodes (G2) placed just lateral to the lateral canthus. For each side, the ipsilateral supraorbital nerve is stimulated over the medial eyebrow. Recording and stimulation sites are shown for a right-sided blink reflex.




Because typical R1 and R2 latencies are 10 to 12 ms and 30 to 40 ms, respectively, the sweep speed should be set at 5 or 10 ms per division. Initial sensitivity should be set at 100 or 200 µV per division because the amplitudes of both R1 and R2 are quite small. The filter settings are the same as for a motor conduction study (10 Hz, 10 kHz). The supraorbital nerve (branch of the ophthalmic division of the trigeminal nerve) is stimulated ipsilaterally, with the stimulator placed in the superior orbital fissure. In some patients, a small pediatric bipolar prong stimulator or bar electrode can be used for stimulation. The stimulation site is found over the medial supraorbital ridge and can be felt as a slight depression in the bony ridge over the eyebrow. An electrical pulse of 100 ms duration is used. The current is turned up in small increments (usually 3–5 mA) from a baseline of 0 mA until supramaximal stimulation is reached, resulting in the shortest latency and highest amplitude potentials. The nerve is easily stimulated with low currents. Typically, no more than 15 to 25 mA is needed to obtain supramaximal stimulation.


Once supramaximal stimulation is achieved, four to six responses are obtained on a rastered tracing and superimposed to determine the shortest response latencies. To prevent habituation, it is best to wait several seconds between successive stimulations. Because R1 is stable, its latency is easily marked. It is best to place the latency marker on the R1 potential at the point where it departs from the baseline with either a positive or negative deflection. Measurement of R2 latencies is more difficult because the potential varies in latency and morphology from stimulation to stimulation. With several traces superimposed, the shortest R2 latency is selected. It is extremely important that the patient be in a relaxed state to eliminate any signal noise, which could obliterate or confound one or both components of the blink reflex (especially R2). Turning up the speaker is very helpful to provide auditory feedback to the patient; this helps with muscle relaxation and thereby reduces signal noise. The stimulator should never be set on repetitive stimulation, because it is important to ensure electrical silence before each stimulation.


The blink reflex usually is elicited by stimulation of the supraorbital nerve, a branch of cranial nerve V1. In a small number of individuals, stimulation of the infraorbital nerve, a branch of cranial nerve V2, may result in a response. The reflex can also be elicited with a glabellar tap, using a specially devised reflex hammer that automatically triggers the oscilloscope sweep, although the reflex is not as easily evoked in this manner. Please note that using this technique, mechanical stimulation over the forehead elicits an R1 response bilaterally.


In a normal individual, electrical stimulation elicits an R1 response on the side ipsilateral to the stimulation and R2 responses bilaterally (Figure 5–3). R1 latency reflects conduction time along the fastest fibers of the afferent pathway of the ipsilateral trigeminal nerve to the main sensory nucleus of V, across disynaptic pathways in the pons to the facial nerve nucleus, and along the efferent pathway of the ipsilateral facial nerve. R2 latency is a measure of conduction time along the fastest fibers of the afferent pathway of the ipsilateral trigeminal nerve to the nucleus of the spinal tract of V, across multiple synapses in the pons and lateral medulla to both the ipsilateral and contralateral facial nerve nuclei, and along the efferent pathways of the facial nerves bilaterally
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FIGURE 5–3 Normal blink reflex.


Stimulating the right side, recording both orbicularis oculi muscles in a normal subject. On the ipsilateral side, an early R1 potential is present at 11 ms and a late R2 potential at 34 ms. R1 usually is a biphasic or triphasic potential and stable from stimulation to stimulation. The R2 potential is variable and usually polyphasic. On the contralateral side, only a late R2 potential is seen at 35 ms. Superimposing several traces is useful to help determine the shortest R2 latencies.











Patterns of Abnormalities


For each blink response, the absolute latencies of R1 and R2 are compared with normal control values as well as with those found on the contralateral side. In normal subjects (Figure 5–4A), the absolute R1 latency is <13 ms, the ipsilateral R2 latency <41 ms, and the contralateral R2 latency <44 ms. For side-to-side comparisons, the difference between the R1 latencies should be <1.2 ms, the difference between ipsilateral R2 latencies should be <5 ms, and the difference between contralateral R2 latencies should be <7 ms. Many different patterns of abnormalities can occur, depending on the site or sites of the lesion(s). The basic abnormal patterns are as follows:




1. Unilateral trigeminal lesion (Figure 5–4B and C). Stimulating the affected side, there will be a delay or absence of all potentials (ipsilateral R1 and R2, contralateral R2). Stimulating the unaffected side results in normal potentials, including the ipsilateral R1 and R2 and the contralateral R2. Clinical correlate: This pattern of a trigeminal sensory neuropathy is most often seen in association with connective tissue diseases or in some toxic neuropathies.


2. Unilateral facial lesion (Figure 5–4D and E). Stimulating the affected side results in a delay or absence of the ipsilateral R1 and R2, but a normal contralateral R2. Stimulating the unaffected side results in a normal ipsilateral R1 and R2, but a delayed or absent contralateral R2. In this pattern, all potentials on the affected side are abnormal, regardless of which side is stimulated. Clinical correlate: This pattern of a unilateral facial lesion has a large differential diagnosis, including infectious, inflammatory, granulomatous, and structural lesions. However, it is most often seen as an idiopathic, post-infectious syndrome (i.e., Bell’s palsy).


3. Unilateral mid-pontine lesion (main sensory nucleus V and/or lesion of the pontine interneurons to the ipsilateral facial nerve nucleus) (Figure 5–4F). Stimulating the affected side results in an absent or delayed R1, but an intact ipsilateral and contralateral R2. Stimulating the unaffected side results in all normal potentials, including R1 and ipsilateral and contralateral R2. Clinical correlate: This pattern denotes an intrinsic lesion within the pons, most often stroke, demyelination, or a structural lesion.


4. Unilateral medullary lesion (nucleus of the spinal tract of V and/or lesion of the medullary interneurons to the ipsilateral facial nerve nucleus) (Figure 5–4G). Stimulating the affected side results in a normal R1 and contralateral R2, but an absent or delayed ipsilateral R2. Stimulating the unaffected side results in normal ipsilateral R1 and R2 potentials, but a delayed or absent contralateral R2. If there is a more extensive lesion in the medulla involving medullary interneurons to the contralateral facial nerve, stimulating the affected side will result in a normal R1, but both the ipsilateral and contralateral R2 potentials will be absent or delayed. Stimulating the unaffected side results in the same pattern. Clinical correlate: This pattern denotes an intrinsic lesion within the medulla, most often stroke, demyelination, or a structural lesion.


5. Demyelinating peripheral neuropathy (Figures 5–4H and 5–5). Axonal neuropathies rarely affect the blink reflex because typical axonal distal dying-back neuropathies are unlikely to affect the fibers that mediate the blink reflex, which are so proximal. However, in demyelinating neuropathies, all potentials of the blink response may be markedly delayed or absent, reflecting slowing of either or both motor and sensory pathways.
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FIGURE 5–4 Blink reflex patterns of abnormalities.


A: Normal pattern. Recording both orbicularis oculi muscles, stimulating the supraorbital nerve on each side results in an ipsilateral R1 (early) and bilateral R2 (late) potential. B: Incomplete right trigeminal lesion. Stimulating the affected right side, there is a delay of all potentials, including the ipsilateral R1 and R2 and contralateral R2. Stimulating the unaffected side results in all normal potentials. C: Complete right trigeminal lesion. Stimulating the affected right side, all potentials are absent. Stimulating the unaffected side results in all normal potentials. D: Incomplete right facial lesion. Stimulating the affected side results in delay of the ipsilateral R1 and R2, but a normal contralateral R2. Stimulating the unaffected side results in a normal ipsilateral R1 and R2, but a delayed contralateral R2. In this pattern, all potentials on the affected side are abnormal, regardless of which side is stimulated. E: Complete right facial lesion. Stimulating the affected side results in absent ipsilateral R1 and R2 potentials, but a normal contralateral R2. Stimulating the unaffected side results in a normal ipsilateral R1 and R2, but an absent contralateral R2. F: Right mid-pontine lesion (main sensory nucleus V and/or lesion of the pontine interneurons to the ipsilateral facial nerve nucleus). Stimulating the affected side results in an absent or delayed R1, but an intact ipsilateral and contralateral R2. Stimulating the unaffected side results in all normal potentials. G: Right medullary lesion (nucleus of the spinal tract of V, and/or lesion of the medullary interneurons to the ipsilateral facial nerve nucleus). Stimulating the affected side results in a normal R1 and contralateral R2, but an absent or delayed ipsilateral R2. Stimulating the unaffected side results in normal ipsilateral R1 and R2 potentials, but a delayed or absent contralateral R2. H: Demyelinating peripheral polyneuropathy. All potentials of the blink response may be markedly delayed or absent, reflecting slowing of either or both motor and sensory pathways.
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FIGURE 5–5 Blink reflex, demyelinating polyneuropathy.


Patient with Guillain–Barré syndrome and moderately severe bifacial weakness (left greater than right). Stimulating the right side, recording both orbicularis oculi muscles resulted in the following pattern: the R1 is prolonged at 21 ms, as is the ipsilateral R2 at 43 ms. The contralateral R2 is barely present and also prolonged at 46 ms.




With an understanding of the anatomy of the blink reflex circuitry and the basic abnormal patterns outlined here, one can extrapolate the patterns of abnormalities for more complex lesions (e.g., bilateral pontine, bilateral medullary).
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6 Repetitive Nerve Stimulation


The use of repetitive nerve stimulation (RNS) dates back to the late 1800s, when Jolly made visual observations of muscle movement that occurred after nerve stimulation. Although his initial studies were done with submaximal stimuli and mechanical rather than electrical measurements were made, Jolly noted a decrementing response following RNS in patients with myasthenia gravis and correctly concluded that the disorder was peripheral.


Subsequently, RNS has been refined and validated as one of the most useful electrodiagnostic (EDX) tests in the evaluation of patients with suspected neuromuscular junction (NMJ) disorders. RNS should be performed whenever there is a possible diagnosis of myasthenia gravis, Lambert–Eaton myasthenic syndrome, or botulism. It also should be considered in any patient who presents with fatigability, proximal weakness, dysphagia, dysarthria, or ocular abnormalities, which are clinical symptoms and signs suggestive of a possible NMJ disorder.


In the EDX laboratory, the effects of RNS are studied on the compound muscle action potential (CMAP), with analysis of any decremental or incremental response forming the basis of the study. Understanding these responses requires knowledge of normal NMJ physiology and the effects of repetitive stimulation on a single NMJ and its associated muscle fiber. That knowledge can be used in the EDX laboratory to accurately predict the effect of RNS on the CMAP, both in normal subjects and in patients with NMJ disorders.






Normal Neuromuscular Junction Physiology


The NMJ essentially forms an electrical–chemical–electrical link between nerve and muscle (Figure 6–1). The chemical neurotransmitter at the NMJ is acetylcholine (ACH). ACH molecules are packaged as vesicles in the presynaptic terminal in discrete units known as quanta; each quantum contains approximately 10,000 molecules of ACH. The quanta are located in three separate stores. The primary, or immediately available store consists of approximately 1000 quanta located just beneath the presynaptic nerve terminal membrane. This store is immediately available for release. The secondary, or mobilization store consists of approximately 10,000 quanta that can resupply the primary store after a few seconds. Finally, a tertiary, or reserve store of more than 100,000 quanta exists far from the NMJ in the axon and cell body.
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FIGURE 6–1 Normal neuromuscular junction anatomy.




When a nerve action potential invades and depolarizes the presynaptic junction, voltage-gated calcium channels (VGCCs) are activated, allowing an influx of calcium. The infusion of calcium starts a complicated interaction of many proteins that ends in the release of ACH from the presynaptic terminal. The greater the calcium concentration inside the presynaptic terminal, the more quanta are released. ACH then diffuses across the synaptic cleft and binds to ACH receptors (ACHRs) on the postsynaptic muscle membrane. The postsynaptic membrane is composed of numerous junctional folds, effectively increasing the surface area of the membrane, with ACHRs clustered on the crests of the folds. The binding of ACH to ACHRs opens sodium channels, resulting in a local depolarization, the endplate potential (EPP). The size of the EPP is proportional to the amount of ACH that binds to the ACHRs.


In a process similar to the generation of a nerve action potential, if the EPP depolarizes the muscle membrane above threshold, an all-or-none muscle fiber action potential is generated and propagated through the muscle fiber. Under normal circumstances, the EPP always rises above threshold, resulting in a muscle fiber action potential. The amplitude of the EPP above the threshold value needed to generate a muscle fiber action potential is called the safety factor. In the synaptic cleft, ACH is broken down by the enzyme acetylcholinesterase, and the choline subsequently is taken up into the presynaptic terminal to be repackaged into ACH.


During slow RNS (2–3 Hz) in normal subjects, ACH quanta are progressively depleted from the primary store, and fewer quanta are released with each successive stimulation. The corresponding EPP falls in amplitude, but because of the normal safety factor, it remains above threshold to ensure generation of a muscle fiber action potential with each stimulation. After the first few seconds, the secondary (mobilization) store begins to replace the depleted quanta with a subsequent rise in the EPP.


The physiology of rapid RNS (10–50 Hz) in normal subjects is more complex. Depletion of quanta from the presynaptic terminal is counterbalanced not only by the mobilization of quanta from the secondary store but also by the accumulation of calcium. Normally, it takes about 100 ms for calcium to be actively pumped out of the presynaptic terminal. If RNS is rapid enough so that new calcium influx occurs before the previously infused calcium has been fully pumped out, calcium accumulates in the presynaptic terminal, causing an increased release of quanta. Normally, this accumulation of calcium predominates over depletion, leading to an increased number of quanta being released and a correspondingly higher EPP. However, the result is the same as with any other EPP above threshold: an all-or-none muscle fiber action potential is generated.


Thus, the effects of slow and rapid RNS are very different at the molecular level, yet in normal subjects the result is the same: the consistent generation of a muscle fiber action potential. In pathologic conditions where the safety factor is reduced (i.e., baseline EPP is reduced but still above threshold), slow RNS will cause depletion of quanta and may drop the EPP below threshold, resulting in the absence of a muscle fiber action potential. In pathologic conditions where baseline EPP is below threshold and a muscle fiber action potential is not generated, rapid RNS may increase the number of quanta released, resulting in a larger EPP, so that threshold is reached. A muscle fiber action potential is then generated where one had not been present previously. These concepts form the basis of the decrements with slow RNS and increments with rapid RNS that are seen in NMJ disorders.









Physiologic Modeling of Repetitive Nerve Stimulation


RNS in normal subjects and patients with NMJ disorders can be modeled effectively by making the following three assumptions:




1. m = pn, where m represents the number of quanta released during each stimulation; p is the probability of release (effectively proportional to the concentration of calcium), typically approximately 0.2 in normal subjects; and n represents the number of quanta in the immediately available store (at baseline, approximately 1000 in normal subjects).


2. The mobilization store starts to replenish the immediately available store after 1 to 2 seconds.


3. Approximately 100 ms is required to pump calcium out of the presynaptic terminal. If stimulation occurs again sooner than 100 ms (i.e., stimulation rate >10 Hz), the calcium concentration increases, the probability of release of ACH quanta increases, and more quanta are released.









Modeling Slow Repetitive Nerve Stimulation


The effects of slow RNS on the EPP, the muscle fiber action potential (MFAP), and the CMAP can best be illustrated with the following three examples (Figure 6–2A–C):
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FIGURE 6–2 Endplate potentials (EPPs).


Threshold is indicated by the dashed line. Shaded EPPs are those that rise above threshold and generate a muscle fiber action potential. A: Three-Hertz repetitive nerve stimulation (RNS), normal NMJ. Note that all potentials remain well above threshold despite the normal decline in EPP amplitude (safety factor). B: Three-Hertz RNS, postsynaptic NMJ disorder. Note the lower EPP amplitudes. With further acetylcholine depletion, the last three potentials fall below threshold, and a muscle fiber action potential is not generated. C: Three-Hertz RNS, presynaptic NMJ disorder. Note that all EPPs are below threshold, and no muscle fiber action potentials are generated. The EPP declines in amplitude but the decrement is not as marked as in normal subjects or patients with postsynaptic NMJ disorders. D: Fifty-Hertz RNS, presynaptic NMJ disorder. Note the progressive increment in the EPP amplitude to above threshold and the subsequent generation of muscle fiber action potentials.






 3 Hz Repetitive Nerve Stimulation: Normal Subject
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In this first example, initially there are 1000 quanta in the immediately available store (n), and with each stimulation, 20% of the quanta are released. If the EPP is >15 mV (threshold in this example), a muscle fiber action potential is generated. Note the normal depletion of the immediately available store (n), the subsequent decline in the number of quanta released (m), and the corresponding fall in the EPP from the first to the fourth stimulation. During the second stimulation, only 160 quanta are released instead of the initial 200 because the number of quanta in the immediately available store has dropped to 800 (1000 minus the 200 released during the first stimulation), and subsequently 20% of the 800 is released. At the fifth stimulus, however, sufficient time has elapsed for the secondary or mobilization store to begin to resupply the primary store. The number of quanta in the immediately available store increases, with a corresponding increase in the number of ACH quanta released, resulting in a higher EPP. Note that at all times the EPP stays above threshold (15 mV), resulting in the consistent generation of a muscle fiber action potential (Figure 6–2A). In the EDX laboratory, these findings translate to normal baseline CMAPs with no change in amplitude, because action potentials are generated in all muscle fibers.




 3 Hz Repetitive Nerve Stimulation: Postsynaptic Disorder (e.g., Myasthenia Gravis)
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In this next example, the number of quanta in the immediately available store (n), the number of quanta released (m), and the depletion of quanta with slow RNS all are normal. The response to the quanta (i.e., the EPP) is abnormal, however. Whereas in normal subjects the release of 200 quanta generated an EPP of 40 mV, in this case the same number of quanta generates an EPP of only 20 mV. Accordingly, the safety factor is reduced. In myasthenia gravis, this occurs as a result of fewer ACHRs and, accordingly, less binding of ACH. The reduced safety factor, in conjunction with normal depletion of quanta, results in subsequent EPPs falling below threshold and their corresponding muscle fiber action potentials not being generated (Figure 6–2B). As the number of individual MFAPs declines, a decrement of CMAP amplitude and area occurs. This decrement reflects fewer EPPs reaching threshold and fewer individual MFAPs contributing to the CMAP. Often, after the fifth or sixth stimulus, the secondary stores are mobilized and no further loss of MFAPs occurs. This results in stabilization or sometimes slight improvement or repair of the CMAP decrement after the fifth or sixth stimulus, giving the characteristic “U-shaped” decrement (see later).




 3 Hz Repetitive Nerve Stimulation: Presynaptic Disorder (e.g., Lambert-Eaton Myasthenic Syndrome)


[image: image]




In this next example, the number of quanta in the immediately available store (n) is normal, and the EPP is normal for the number of quanta released (m). What is abnormal is the number of ACH quanta released (m) and the baseline EPP. In Lambert–Eaton myasthenic syndrome, the calcium concentration in the presynaptic terminal is reduced, due to an antibody attack on the voltage-gated calcium channels. Thus, the probability of release (p) falls dramatically, along with a decrease in the number of quanta released. There still is depletion, although it is not as marked as in normal or postsynaptic disorders. Simply because so few quanta are released, the subsequent amount of depletion cannot be as great. In this example, because the EPP is below threshold at baseline, a muscle fiber action potential is never generated (Figure 6–2C). Thus, the baseline CMAP is low in amplitude because many muscle fibers do not reach threshold due to inadequate release of quanta after a single stimulus. With slow RNS, there is also further decrement of the CMAP because subsequent stimuli result in further loss of MFAPs. Just as in postsynaptic disorders, after the fifth or sixth stimulus, the secondary stores are mobilized and no further loss of MFAPs occurs. This results in stabilization or sometimes slight improvement or repair of the CMAP decrement after the fifth or sixth stimulus, giving the characteristic “U-shaped” decrement (see later). Note that in some presynaptic disorders, the baseline EPP may be low but still above threshold, resulting in a reduced safety factor. In this situation, a muscle fiber action potential initially may be generated but then fails to be generated as the EPP falls below threshold with slow RNS.









Modeling Rapid Repetitive Nerve Stimulation


The effects of rapid RNS can be deduced from the three basic assumptions (see section on Physiologic Modeling of Repetitive Nerve Stimulation). With rapid RNS, the depletion of quanta is counterbalanced by (1) increased mobilization of quanta from the secondary to the primary store, and (2) calcium accumulation in the presynaptic terminal, which increases p, the probability of release. The sum of these influences usually results in a greater number of quanta released and higher EPPs with rapid RNS.


In normal subjects, rapid RNS always results in the generation of a muscle fiber action potential, the same as with any EPP above threshold. In patients with postsynaptic NMJ disorders, the EPP also will increase, but because the EPP usually is above threshold at baseline, the result will still be the generation of a muscle fiber action potential. However, if the EPP has been lowered, such as after slow RNS, the decreased EPP may be repaired or improved with rapid RNS. If the EPP has dropped below threshold, subsequent rapid RNS may increase the EPP back to above threshold.


Presynaptic NMJ disorders are distinctly different. Because the EPP is abnormally low at baseline in those disorders – often below threshold – rapid RNS may increase the EPP above threshold so that a muscle fiber action potential is generated where one had not been present previously (Figure 6–2D).









Exercise Testing


When a subject is asked to voluntarily contract a muscle at maximum force, motor units fire at their maximal firing frequency, typically 30 to 50 Hz. Thus, maximal voluntary exercise can be used to demonstrate many of the same effects as rapid (30–50 Hz) RNS. Both result in higher-amplitude EPPs.


In normal subjects, maximal exercise results in the usual generation of a muscle fiber action potential. In postsynaptic NMJ disorders, exercise, just like rapid RNS, results in higher EPPs. Because the EPP is usually above threshold at baseline, the result is the same: the generation of a muscle fiber action potential. Exercise likewise may repair or improve a low EPP that has developed during slow RNS. If the EPP has dropped below threshold, subsequent exercise may increase the EPP back to above threshold. In presynaptic NMJ disorders, exercise, like rapid RNS, often can facilitate low EPPs. If the baseline EPP is below threshold, exercise may increase the EPP above threshold so that a muscle fiber action potential is generated where one had not been present previously.


The effects of rapid RNS or voluntary exercise just described occur with brief periods of exercise or rapid RNS, typically 10 seconds. This process is known as postexercise (or posttetanic) facilitation. The phenomenon of postexercise (or posttetanic) exhaustion is less well understood. Immediately after a prolonged exercise or rapid RNS (usually 1 minute), EPPs typically increase initially, as described earlier, but then subsequently decline over the next several minutes, usually falling below baseline. In normal subjects with a normal safety factor, the EPP never falls below threshold. However, in patients with impaired NMJ transmission, slow RNS performed 2 to 4 minutes after a prolonged exercise may result in a greater decline of the EPP, such that the EPP does not reach threshold and its muscle fiber action potential is not generated.












Repetitive Nerve Stimulation in the Electromyography Laboratory


RNS is easy to learn, easy to perform, and requires no special equipment. However, it is poorly tolerated in some patients and is prone to a number of important technical problems that, if not recognized and corrected, can influence its reliability, validity, and therefore its value. The earlier discussion above pertained to endplate and individual muscle fiber action potentials. During RNS in the electromyography (EMG) laboratory, all measurements are made on the CMAP, the sum of the individual muscle fiber action potentials generated in a muscle. Thus, it is assumed that the CMAP amplitude and area are proportional to the number of muscle fibers activated. In normal subjects, the EPP is affected by both slow and rapid RNS. However, in both cases, the EPP always stays above threshold, resulting in consistent generation of muscle fiber action potentials. Thus, in normal subjects, CMAPs generated following either slow or rapid RNS do not change significantly in amplitude or area.


In NMJ disorders, if the normal EPP safety factor is reduced, slow RNS will cause a depletion of quanta and reduce the amplitude of the EPP. If the EPP of some muscle fibers falls below threshold, those muscle fiber action potentials will not be generated, and the number of individual muscle fiber action potentials will decline. This provides the basis for the decremental CMAP response to slow RNS seen in the EMG laboratory (Figure 6–3A). As the number of individual muscle fiber action potentials declines, a decrement of the CMAP amplitude and area occurs. This decrement reflects fewer EPPs reaching threshold and fewer individual muscle fiber action potentials contributing to the CMAP.





[image: image]

FIGURE 6–3 Postexercise facilitation and exhaustion.


Three-Hertz repetitive nerve stimulation in a patient with myasthenia gravis. A: Decrement of compound muscle action potential (CMAP) amplitude at rest. B: Postexercise facilitation. Decrement of CMAP immediately following 10 seconds of maximal voluntary exercise has repaired toward normal. C–E: Postexercise exhaustion. Decrements of CMAP 1, 2, and 3 minutes after 1 minute of maximal voluntary exercise. Decrement becomes progressively more marked over the baseline decrement. F: Postexercise facilitation after a decrement. Immediately following another 10 seconds of maximal voluntary exercise, the decrement, which has worsened as a result of post-exercise exhaustion, repairs toward normal.




In NMJ disorders in which some EPPs are below threshold at baseline (usually the presynaptic disorders), rapid RNS can be used to facilitate the EPP. If subthreshold EPPs can be brought above threshold, muscle fiber action potentials will be generated where they had not been present previously, and the number of individual muscle fiber action potentials will increase. This provides the basis for the incremental CMAP response to rapid RNS seen in the EMG laboratory. As the number of individual muscle fiber action potentials increases, an increment of CMAP amplitude and area occurs (Figure 6–4). This increment reflects more EPPs reaching threshold and more individual muscle fiber action potentials contributing to the CMAP. Incremental responses that are >100% (i.e., double in value) in response to rapid RNS are not unusual in presynaptic NMJ disorders.
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FIGURE 6–4 Increment during rapid repetitive nerve stimulation.


Recording the hypothenar muscles, stimulating the ulnar nerve at 50 Hz in a patient with Lambert–Eaton myasthenic syndrome. Top trace: First ten responses. Bottom trace: Change in compound muscle action potential amplitude over 5 seconds. Note in this example the marked increment, typical of a presynaptic neuromuscular junction disorder.








Exercise Testing in the Electromyography Laboratory


Exercise testing plays an important role in the electrophysiologic evaluation of all patients with suspected NMJ disorders. Brief maximal voluntary exercise can be used instead of rapid RNS in cooperative subjects. Exercise testing has the distinct advantage of being painless, whereas rapid RNS is quite painful and often difficult to tolerate. If not convinced, the reader can perform an experiment. First, maximally contract your median-innervated abductor pollicis brevis muscle voluntarily for 10 seconds, and then contrast the experience with 10 seconds of 50 Hz supramaximal median nerve stimulation. The difference between the two is not subtle.


The effects of both postexercise facilitation and post-exercise exhaustion can be demonstrated on the CMAP in patients with NMJ disorders (Figure 6–3). After 10 seconds of maximal voluntary contraction, increased mobilization of quanta and accumulation of calcium occur, resulting in greater numbers of quanta released and a higher EPP. This postexercise facilitation can be demonstrated in two situations. First, in presynaptic disorders such as Lambert–Eaton myasthenic syndrome that are associated with reduced release of quanta and subthreshold EPPs at baseline, brief exercise can facilitate EPPs above threshold, giving rise to muscle fiber action potentials that were not present previously. Accordingly, an increment of CMAP amplitude and area occurs. Second, brief exercise can repair EPPs that have been lowered by slow repetitive nerve stimulation. If the EPPs are facilitated above threshold, muscle fiber action potentials will be generated that were not present previously. Accordingly, a decrement of CMAP amplitude and area that has developed during slow RNS may be lessened or “repaired” (Figure 6–3A and B).


To demonstrate postexercise exhaustion, the muscle is maximally exercised for 1 minute. Then slow RNS is performed immediately after and 1, 2, 3, and 4 minutes later. In normal subjects with a normal safety factor, the EPP never falls below threshold, and the CMAP amplitude and area remain stable. In patients with impaired NMJ transmission, however, the decrement in CMAP amplitude and area in response to slow RNS becomes more marked 2 to 4 minutes after prolonged exercise (Figure 6–3C–E). If this occurs, 10 seconds of maximal voluntary exercise can be used to repair the decrement toward normal (Figure 6–3F).


In normal subjects, brief intense exercise may lead to a slight increase in CMAP amplitude by a process known as “pseudofacilitation.” After brief exercise, EPPs are facilitated. Because they are above threshold at baseline, however, the same number of muscle fiber action potentials is generated. Although there is no increase in the actual number of muscle fiber action potentials that summate to create the CMAP, brief maximal exercise causes the muscle fibers to fire more synchronously. This likely occurs as a result of a faster rise time of all the EPPs, which then results in more muscle fiber action potentials firing at the same time. This pseudofacilitation results in an increase in CMAP amplitude, but usually with a decrease in CMAP duration and little change in the CMAP area (Figure 6–5). In general, postexercise increments of CMAP amplitude from pseudofacilitation do not exceed 40% in normal subjects (i.e., 40% higher than the baseline).
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FIGURE 6–5 Pseudofacilitation.


When performing repetitive nerve stimulation (RNS) following exercise testing, pseudofacilitation is often encountered. Pseudofacilitation is a normal phenomenon caused by more synchronous firing of muscle fiber action potentials immediately following brief intense exercise. In the figure above from a normal subject, 3 Hz RNS results in a 0% compound muscle action potential (CMAP) decrement at rest (top trace). Immediately following 10 seconds of maximal voluntary exercise, 3 Hz RNS is repeated (bottom trace). A similar 0% decrement is found. However, the CMAP amplitudes are higher, the durations shorter, and the areas unchanged, due to the normal effects of pseudofacilitation.











Technical Factors in Repetitive Nerve Stimulation


Close attention to technical factors is critical when performing RNS and exercise testing. If not appreciated and closely controlled, technical factors may result in either factitious decrements or increments and lead to the mistaken impression of an NMJ disorder.






Immobilization: Isometric Electrode Position is Essential


The greatest technical problem with RNS is failure to properly immobilize the recording electrode over the muscle. If the position of the recording electrode moves in relationship to the muscle during stimulation, CMAP configuration may change. The goal is to minimize any movement of the limb, stimulator, or recording electrodes during RNS. The recording electrodes should always be well secured with tape. If possible, the stimulator should be secured with tape or a Velcro© strap, while being held in place by the electromyographer, and the entire limb should be secured to a pad or board (Figure 6–6). Immobilization is more easily accomplished when stimulating distal nerves such as the median or ulnar. When stimulating proximal nerves, securing the stimulator and limb to prevent movement is more problematic.
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FIGURE 6–6 Immobilization during repetitive nerve stimulation of a limb muscle.


Setup for ulnar nerve repetitive nerve stimulation. Recording electrodes secured with tape over the abductor digiti minimi, as usual. The stimulator is secured to the wrist with a Velcro© strap or tape. The entire forearm and hand are secured to an arm board with additional Velcro© straps, and the fingers are taped together.











Stimuli must be Supramaximal


Submaximal stimulation can create a host of problems, including both artifactual CMAP decrements and increments (Figure 6–7). Always check to ensure that the stimulus is supramaximal before beginning RNS.
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FIGURE 6–7 Artifactual increment with submaximal stimuli.


Compound muscle action potential increment with 3 Hz repetitive nerve stimulation in a normal subject caused by submaximal stimulation. Note that there is no increment with supramaximal stimulation.











Temperature must be Controlled


In NMJ disorders, a CMAP decrement may be diminished if the limb is cold (Figure 6–8). The reason for this is not completely known but may be related to decreased functioning of the enzyme acetylcholinesterase when it is cold, effectively making more ACH available to bind at the ACHRs. Clinically, patients with myasthenia gravis note worsening of their symptoms in warm weather, perhaps because the acetylcholinesterase is more active. RNS in the EDX laboratory should always be done with the temperature at least 33°C at the recording site or there is a risk that a decrement will be missed.
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FIGURE 6–8 Temperature effect on repetitive nerve stimulation.


Decremental response is diminished in a cool limb. Patient with myasthenia gravis, before and after limb cooling.


(From Denys EH. AAEM minimonograph #14: the influence of temperature in clinical neurophysiology. Muscle Nerve 1991;14:803. Reprinted by permission of John Wiley & Sons, Inc.)












Acetylcholinesterase Inhibitors should be Withheld Prior to the Study


It is best to advise patients to refrain from taking acetylcholinesterase inhibitors (e.g., pyridostigmine [Mestinon®]) for at least 3 to 4 hours before the study, unless medically contraindicated. These agents make more ACH available to bind at the ACHRs and may diminish a decrement, resulting in a normal study.









Nerve Selection


RNS can be performed using any motor nerve. The nerves most commonly used are the ulnar, median, musculocutaneous, axillary, spinal accessory, and facial.


In patients with postsynaptic NMJ disorders (e.g., myasthenia gravis), clinical weakness predominantly affects ocular, bulbar, and proximal muscles. Thus, it is not surprising that the yield of abnormalities increases with the use of more proximal nerves (Figure 6–9). Unfortunately, however, more technical difficulties are associated with stimulation of proximal nerves. Of the proximal nerves, we favor stimulation of the spinal accessory nerve and recording of the upper trapezius (Figure 6–10). The spinal accessory nerve is quite superficial, just posterior to the sternocleidomastoid muscle, and it can usually be supramaximally stimulated with 15 to 25 mA of current. Shoulder movement can be reduced by gentle but firm downward pressure on the shoulder or arm.
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FIGURE 6–9 Three-Hertz repetitive nerve stimulation of proximal and distal nerves in patient with myasthenia gravis.


Top trace: Normal decrement (4%) in the ulnar nerve. Bottom trace: Markedly abnormal decrement (42%) in the spinal accessory nerve. In myasthenia gravis, the yield of finding an abnormal decrement is greater with proximal nerves. Note the U-shaped decrement.
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FIGURE 6–10 Spinal accessory nerve stimulation.


The nerve is easily stimulated posterior to the sternocleidomastoid muscle with recording electrodes over the upper trapezius (G1) and shoulder (G2).




The facial nerve can be used for RNS, recording the nasalis, orbicularis oculi, or other facial muscle. However, two basic problems are often encountered with facial RNS: CMAP amplitudes are small at baseline, and the muscle cannot be immobilized so as to prevent possible electrode movement. Consider the following. If a facial muscle has a baseline CMAP amplitude of 1 mV at rest, a drop of 0.1 mV will result in a 10% decrement. In contrast, the ulnar nerve may have a baseline CMAP amplitude of 10 mV, which would require a drop of 1 mV to yield a 10% decrement. It is easy to see that small changes from the baseline CMAP (e.g., from electrode movement or failure to perform supramaximal stimulation) would be much more likely to confound facial RNS, possibly creating false-positive results.









Stimulation Frequency


The optimal frequency for slow RNS is 2 or 3 Hz. The frequency for slow RNS must be kept low enough to prevent calcium accumulation but high enough to deplete the quanta in the immediately available store before the mobilization store starts to replenish it. For rapid RNS, the optimal frequency is 30 to 50 Hz, but, as noted earlier, having the patient perform brief intense exercise is always preferable to rapid RNS. Only in the event of an uncooperative patient (e.g., an infant or a patient in coma) or a patient who is too weak to perform brief intense exercise should rapid RNS be used.









Number of Stimulations


A train of 5 to 10 pulses is preferable for slow RNS. The number should be kept to a minimum for patient comfort, but that concern is counterbalanced by the need to have enough pulses to detect a decrement. When the mobilization store begins to resupply the immediately available store, the decrement begins to improve. The result is a so-called U-shaped decrement, which is highly characteristic of true NMJ disorders (Figure 6–11). For rapid RNS, which should be done only in patients who cannot perform brief maximal voluntary exercise, a stimulus train of 5 to 10 seconds should be given (i.e., 250 to 500 stimulations). This is the length of time often required to see the maximal incremental response from increased mobilization of quanta and calcium accumulation.
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FIGURE 6–11 “U-shaped” decrement.


Three-Hertz repetitive nerve stimulation of the ulnar nerve recording the hypothenar muscles in a patient with myasthenia gravis. Note the large decrement between the first and fourth potentials. However, after the fourth potential, the decrement is not as marked and forms a “U shape.” The decrement begins to improve when the mobilization store begins to resupply the immediately available store. This normally requires 1 to 2 seconds and is highly characteristic of a true neuromuscular junction disorder.











Decrement and Increment Calculation


The decrement usually is calculated by comparing the lowest CMAP amplitude or area to the baseline CMAP. The CMAP decrement is expressed as a percentage and calculated as follows:
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With 3 Hz RNS, the lowest CMAP usually is the third or fourth. By the fifth or sixth stimulation, the decrement begins to improve because the mobilization store has begun resupplying the immediately available store (i.e., the U-shaped decrement). Any decrement of >10% is defined as abnormal. Normal subjects should have no decrement. The 10% cutoff allows for inherent technical factors that are often encountered. However, any reproducible decrement probably is abnormal.


Increments are calculated by comparing the highest CMAP amplitude or area with the baseline CMAP. With 10 seconds of maximal voluntary contraction, the calculation is simple and consists of comparing the CMAP obtained after brief exercise with the baseline CMAP. With rapid RNS, the highest CMAP usually is the last one obtained after 5 to 10 seconds, which then is compared with the baseline CMAP. The CMAP increment is expressed as a percentage and calculated as follows:
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In normal subjects, pseudofacilitation may cause an increment of up to 40%. Increments of >100% are often encountered in presynaptic NMJ disorders. Increments between 40 and 100% are best considered equivocal. What is meant by a percentage increment often is confusing. For example, does a 200% increment mean that the potential increases by an extra 200% above baseline, or does it mean that the increment is 200% of baseline? The former is correct. If the baseline CMAP is 1 mV, which increments to 3 mV after 10 seconds of exercise, this is a 200% increment.









Other Disorders that may Show a Decrement on RNS


A decremental response with RNS occurs predominantly in primary disorders of the NMJ. However, a decrement also may be seen in other disorders, especially in severe denervating disorders (e.g., motor neuron disease). In any condition in which there is prominent denervation and reinnervation, newly formed NMJs, which occur as denervated fibers are reinnervated, are immature and unstable. These immature and unstable NMJs may show a decrement in response to RNS. In addition to denervating disorders, some myopathic conditions, including the myotonic disorders and the metabolic myopathies (e.g., McArdle’s disease), may show a decrement in response to RNS. This underscores that RNS should not be performed in isolation. For every patient, a clinical history and directed neurologic examination, as well as routine nerve conduction studies and needle EMG, must be performed so that any decremental response during RNS can be interpreted correctly.












Repetitive Nerve Stimulation Protocol


The recommended RNS protocol is outlined in Box 6–1. Because technical factors commonly complicate RNS, one must constantly ask, “Does the decrement make sense in terms of NMJ physiology?” The following questions should be kept in mind.




1. Is the baseline CMAP stable?


2. If there is a CMAP decrement or increment, is it reproducible? Any data that are not reproducible are of questionable value.


3. If there is a CMAP decrement, does it repair with 10 seconds of maximal voluntary exercise (i.e., post-exercise facilitation)?


4. Does the CMAP decrement worsen several minutes after a prolonged (1-minute) exercise (postexercise exhaustion)? If the decrement worsens several minutes after prolonged exercise, can the decrement then be repaired after 10 seconds of maximal voluntary exercise (postexercise facilitation again)?


5. Is there a U-shaped decrement (i.e., does the CMAP amplitude decrement up to the third, fourth or fifth stimulation, stabilize, and then slightly improve (as the result of the secondary or mobilization store resupplying the immediately available store with a resultant increase in ACH release)?








Box 6–1 


Protocol for Evaluating Disorders of the Neuromuscular Junction







1. Warm the extremity (33°C).


2. Immobilize the muscle as best as possible.


3. Perform routine motor nerve conduction studies first to ensure that the nerve is normal.


4. Perform RNS at rest. After making sure that the stimulus is supramaximal, perform 3 Hz RNS at rest for 5–10 impulses, repeated three times, 1 minute apart. Normally, there is <10% decrement between the first and fourth responses.


5. If >10% decrement occurs and is consistently reproducible:



A. Have the patient perform maximal voluntary exercise for 10 seconds.



B. Immediately repeat 3 Hz RNS postexercise to demonstrate postexercise facilitation and repair of the decrement.


6. If <10% decrement or no decrement occurs:



A. Have the patient perform maximal voluntary exercise for 1 minute, then perform 3 Hz RNS immediately and 1, 2, 3 and 4 minutes after exercise to demonstrate postexercise exhaustion.



B. If a significant decrement occurs, have the patient perform maximal voluntary exercise again for 10 seconds and immediately repeat 3 Hz RNS to demonstrate repair of the decrement.


7. Perform RNS on one distal and one proximal motor nerve. Always try to study weak muscles. If no decrement is found with a proximal limb muscle, a facial muscle can be tested, keeping in mind technical considerations.


8. If the compound muscle action potential amplitude is low at baseline, have the patient perform 10 seconds of maximal voluntary exercise, then stimulate the nerve supramaximally immediately postexercise, looking for an abnormal increment (>40% above the baseline is abnormal, >100% is highly suggestive of a presynaptic NMJ disorder). If the patient exercises for >10 seconds or the nerve is not stimulated immediately postexercise, a potential increment may be missed.


9. Always perform concentric needle EMG of proximal and distal muscles, especially of clinically weak muscles. Any muscle with denervation or myotonia on needle EMG may demonstrate a decrement on RNS. In these situations, a decrement on RNS does not signify a primary disorder of the neuromuscular junction.





EMG, electromyography; RNS, repetitive nerve stimulation.





If all of these questions can be answered affirmatively, the decrement or increment probably is secondary to a true NMJ disorder.









OEBPS/OEBPS/images/B9781455726721000040_f004-011-9781455726721.jpg
2mv

imv

10ms

N 35 mA
S N

25 mA

P~ 22 mA

18 mA

15mA

12mA

8mA

5mA






OEBPS/OEBPS/images/B9781455726721000027_f002-007b-9781455726721.jpg





OEBPS/OEBPS/images/B9781455726721000039_f003-007-9781455726721.jpg
2mv

2ms

10V

2ms





OEBPS/OEBPS/images/B9781455726721000027_f002-013-9781455726721.jpg








OEBPS/OEBPS/images/B9781455726721000064_f006-006-9781455726721.jpg






OEBPS/OEBPS/images/B9781455726721000027_f002-006-9781455726721.jpg
Dorsal scapular nerve
Rhomboids

Suprascapular nerve
‘Supraspinatus.
Infraspinatus

Axillary nerve
Deltoid
Teres minor

Long thoracic nerve
Serratus anterior

Subscapular nerve
Teres major
Subscapularis

"4 Lateral pectoral nerve
Pectoralis major

Radial nerve
Brachioradialis
Supinator

Musculocutaneous nerve
Biceps





OEBPS/OEBPS/images/B9781455726721000064_si2.gif
Amplitude (highest CMAP) —
Amplitude (baseline CMAP)

—_—————————x100
Amplitude (baseline CMAP)

% Increment =





OEBPS/OEBPS/images/B9781455726721000015_f001-005-9781455726721.jpg
NMJ
v v v

| Distibution | | pathoogy | [ ooy |
I—> Proximal
L—> Generalized | Pre-synaptic | Acquied

L—> Bulbar L—> Post-synantic L—> nherited





OEBPS/OEBPS/images/B9781455726721000064_f006-001-9781455726721.jpg
y
FDisﬂl nerve

Presynaplicterminal
Mitochondria

Acetylcholine quanta
Acetyicholine receptors

Synaptic cleft —E

Junctional folds

Postsynaptic membrane
(muscle)





OEBPS/OEBPS/images/B9781455726721000064_si1.gif
Amplitude (baseline CMAP) —
Amplitude (lowest CMAP)

_—————x100
Amplitude (baseline CMAP)

% Decrement =





OEBPS/OEBPS/images/B9781455726721000040_f004-009-9781455726721.jpg





OEBPS/OEBPS/images/B9781455726721000027_f002-009-9781455726721.jpg
Na*/K*
Pump Na* [ K+

Na*
Shbbbbbbb G SRR bbb

K

Na* A K+

¥ o B SN RN wE rw






OEBPS/OEBPS/images/B9781455726721000040_f004-004-9781455726721.jpg





OEBPS/OEBPS/images/B9781455726721000015_f001-003-9781455726721.jpg
v v v
‘ Fiber types involved ’ (Implicati::lg:;ﬁzymmsis) ‘ Temporal course
[—> Sensory [—> Axonal [— Hyperacute
[~ Motor —— Demyelinating [—> Acute
—> Mixed [~ Subacute
Acquired  Inherited L Chronic





OEBPS/OEBPS/images/B9781455726721000039_f003-016-9781455726721.jpg
O






OEBPS/OEBPS/images/B9781455726721000027_f002-015-9781455726721.jpg





OEBPS/OEBPS/images/B9781455726721000052_f005-005-9781455726721.jpg
Right orbicularis
oculi

Left orbicularis
oculi

Traces superimposed






OEBPS/OEBPS/images/B9781455726721000027_f002-001-9781455726721.jpg
Dorsal root
ganglion

Sensory root Sensory nerve

Anterior
horn cell

Motor nerve





OEBPS/OEBPS/images/9781455744732_FC.jpg
Third Edition

; Ie tromyography
euromuscular
Disorders

! | Clinical-Electrophysiologic
Correlations

\ David C. Preston

Barbara E. Shapiro






OEBPS/OEBPS/images/B9781455726721000039_f003-002-9781455726721.jpg
2mv

2ms

Amplitude

Duration

Latency





OEBPS/OEBPS/images/B9781455726721000064_f006-008-9781455726721.jpg





OEBPS/OEBPS/images/B9781455726721000039_f003-017-9781455726721.jpg
Normal

Number of fibers

3 50
® Conduction velociy (ms)

Severe axonalloss
Fastest fivers preserved

Number of fibers

ERE) &
Conduction vlocty (ms)

Severe axonalloss
Slowest fvers preserved

Number of fibers

3 50 65
© Conduction velocity (m/s)





OEBPS/OEBPS/images/B9781455726721000052_f005-002-9781455726721.jpg





OEBPS/OEBPS/images/B9781455726721000039_f003-012-9781455726721.jpg
Individual ~ Summated
fesponses  responses

SENSORY
Distal
Stimulation SNAP
4
Pt IF/\/’
Proximal
Individual Summated
MOTOR responses responses

Distal i I 4
—rd

Stimulation

Proximal § + I 4

e L

CMAP





OEBPS/OEBPS/images/B9781455726721000040_f004-005-9781455726721.jpg





OEBPS/OEBPS/images/B9781455726721000027_f002-008-9781455726721.jpg





OEBPS/OEBPS/images/B9781455726721000015_f001-001-9781455726721.jpg
Sensory nerve
Dorsal root oot
gangion

Motor neuron

Sensory
nerve

Neuromuscular
junction

==

Muscle





OEBPS/OEBPS/images/B9781455726721000040_f004-006-9781455726721.jpg
i}

——






OEBPS/OEBPS/images/B9781455726721000040_f004-014-9781455726721.jpg
=






OEBPS/OEBPS/images/B9781455726721000039_f003-005-9781455726721.jpg
10

Ampltude

>
Duration

I

Peak latency

Onset latency





OEBPS/OEBPS/images/B9781455726721000039_f003-018-9781455726721.jpg
Number of fibers

Typical axonal loss
Random drop-out

50
‘Conduction velocity (m/s)

65





OEBPS/OEBPS/images/B9781455726721000039_f003-003-9781455726721.jpg
Proximal

Distal






OEBPS/OEBPS/images/B9781455726721000052_f005-003-9781455726721.jpg
RECORD:

Right obicularis
oculi

Left obicularis
oculi

Traces superimposed






OEBPS/OEBPS/images/B9781455726721000039_f003-011-9781455726721.jpg
Ls






OEBPS/OEBPS/images/B9781455726721000040_si1.gif
F estimate = (2D/CV)x10+1ms + DL





OEBPS/OEBPS/images/B9781455726721000040_f004-012-9781455726721.jpg
50 — 40.14 80

75

{70

IIEEERI NN NRRE|

40
-3
30
42
% —— 2264 E
25 20
Leg Latency Age
length (ms) ()

(cm)





OEBPS/OEBPS/images/B9781455726721000027_f002-020-9781455726721.jpg
o9






OEBPS/OEBPS/images/B9781455726721000039_f003-019-9781455726721.jpg
1

Proximal
stimulation

1

Proximal
stimulation

Distal
stimulation

Distal
stimulation

=

ST TTTTTT





OEBPS/OEBPS/images/B9781455726721000040_f004-007-9781455726721.jpg
Y ————,
Distance (D)





OEBPS/OEBPS/images/B9781455726721000040_f004-013-9781455726721.jpg
Latency (ms)

25

T T T T T T T T T T T T T T T T T TTT]
100 110 120 130 140 150 160 170 180 190 200

Height (cm)





OEBPS/OEBPS/images/B9781455726721000015_f001-002-9781455726721.jpg
Localization

v

Newropathic | | Myopatric | [ ] [ ow
I—— Neuronopathy » Prosimal » Presynapic
I——> Radiculopathy > Distl > Postsynaptic
[—— Plexopathy |——> Generalized

[——> Mononeuropathy

| Muiple
mononeuropathies

P Polyneuropathy

= Cranio-bulbar





OEBPS/OEBPS/images/B9781455726721000039_f003-010-9781455726721.jpg





OEBPS/OEBPS/images/B9781455726721000064_f006-009-9781455726721.jpg





OEBPS/OEBPS/images/B9781455726721000039_f003-004-9781455726721.jpg





OEBPS/OEBPS/images/B9781455726721000015_f001-004-9781455726721.jpg
| Dim;uh'on \ \ Palf:logy ] [ Temporal course |
[— Proximal —> Bland —> Acute
| Distal L—> Acive denervation ~ [— Subacute
—> Generalized —> Myotonic discharges = Chronic
> Bulbar
|—> Symmetric/Asymmetric

L—p Severity of involvement





OEBPS/OEBPS/images/B9781455726721000040_f004-003-9781455726721.jpg
> F
> M

< >






OEBPS/OEBPS/images/B9781455726721000040_f004-008-9781455726721.jpg





OEBPS/OEBPS/images/B9781455726721000039_f003-015-9781455726721.jpg
2mviD 3ms/D

fomlatoral o 112MA

o5emlatersl | 112mA

(/ / 11.2mA

—Optimal position|

AN |
/ 05 ommedial |+ 112mA

femmedal (e 112mA





OEBPS/OEBPS/images/B9781455726721000052_f005-004-9781455726721.jpg
Side of Stimulation

Raht Lot
R—\——AwWw- ® AW
L AW LA—ww
Re—A——awm— = W
L M — A,
3 R AW,
L LA—ww
A — R
L AW LA—w
& :

L AW A

A B A,
L AW L—A—aww,
R\——— AW — R—:/\MM\,_
U AW L—A—aww,
A — R —
e w— A





OEBPS/OEBPS/images/B9781455726721000027_f002-007a-9781455726721.jpg





OEBPS/OEBPS/images/B9781455726721000027_f002-014-9781455726721.jpg
>C

Latency (usec)

20

6
Distance (mm)

10





OEBPS/OEBPS/images/B9781455726721000039_f003-022-9781455726721.jpg
WR

BG

AG

Erb's

5mv

5ms






OEBPS/OEBPS/images/B9781455726721000039_f003-001-9781455726721.jpg





OEBPS/OEBPS/images/B9781455726721000027_f002-019-9781455726721.jpg





OEBPS/OEBPS/images/B9781455726721000428_ifcopy-001-9781455726721.jpg
'S Al NDERS.





OEBPS/OEBPS/images/B9781455726721000039_t0015.jpg
— Radial CMAP (involved side) Radial CMAP (contralateral side)
No. Below Spiral Groove (mV) _ Above Spiral Grove (mV) _ Below Spiral Groove (mV) _Above Spiral Grove (mV).
1 4 05 5 48
2 1 05 5 48

CMAP, compound muscle action potental.






OEBPS/OEBPS/images/B9781455726721000027_f002-012-9781455726721.jpg
‘Schwann cell





OEBPS/OEBPS/images/B9781455726721000064_f006-002-9781455726721.jpg





OEBPS/OEBPS/images/B9781455726721000040_f004-010-9781455726721.jpg





OEBPS/OEBPS/images/B9781455726721000039_f003-013-9781455726721.jpg





OEBPS/OEBPS/images/B9781455726721000039_f003-006-9781455726721.jpg





OEBPS/OEBPS/images/B9781455726721000064_t0010.jpg
Stimulus n m EPP  MFAP CMAP

1 1000 200 40 Normal

2 800 160 32 + No change
3 640 128 26 + No change
4 512 102 20 e No change
5 640 128 26 + No change






OEBPS/OEBPS/images/B9781455726721000027_t0010.jpg
Diameter Conduction Alternative
Fiber Type(s) Name  Subtype (mm) Velocity (m/s) _ Classification
Myelinated Somatic Afferent/Efferent
Cutaneous afferent A B 612 3575 «
5 1-5 530
Muscle afferent A o 1221 80-120 ! 1a,Ib
B 612 3575 1
5 1-5 530 i
Muscle efferent A 612 3575
Anterior hom cells (@ and y motor neurons)
Myelinated Autonomic Efferent
Preganglionic efferent B 3 315
Unmyelinated Somatic/Autonomic AfferentEfferent
Postganglionic efferent 3 02-15 12
Afferent to dorsal root ganglion (pain) c 02-15 12 w
Sensory Receptor Fiber Type
Hair follicle AB
skin follicle AB
Muscle spindle Aa
Joint receptor AB

Pain, temperature A,C






OEBPS/OEBPS/images/B9781455726721000064_t0015.jpg
Stimulus. n m  EPP  MFAP CMAP

1000 200 20 + Normal

2 800 160 16 & Normal

3 640 128 13 - Decrement
4 512 102 10 - Decrement
5

640 128 13 - Decrement (repair)






OEBPS/OEBPS/images/B9781455726721000040_f004-015-9781455726721.jpg





OEBPS/OEBPS/images/B9781455726721000064_f006-007-9781455726721.jpg
mv]

= 449
Increment = 44% Ims

Submaximal *Q@%?_

smv|

Decrement = 1% 578

Supramaximal %





OEBPS/OEBPS/images/B9781455726721000027_f002-005-9781455726721.jpg
Superio giuteal nerve:






OEBPS/OEBPS/page-template.xpgt
 

   
    
		 
    
  
     
		 
		 
    

     
		 
    

     
		 
		 
    

     
		 
    

     
		 
		 
    

     
         
             
             
             
             
             
             
        
    

  

   
     
  





OEBPS/OEBPS/images/B9781455726721000052_f005-001-9781455726721.jpg





OEBPS/OEBPS/images/B9781455726721000027_f002-011-9781455726721.jpg





OEBPS/OEBPS/images/B9781455726721000027_f002-003-9781455726721.jpg
Sensory
oot

Dorsal root
gslmglion





OEBPS/OEBPS/images/B9781455726721000039_f003-009-9781455726721.jpg
Volume conducted ulnar motor potential

20V

2ms

Mistaken
ulnar SNAP





OEBPS/OEBPS/images/B9781455726721000064_f006-003-9781455726721.jpg
e

® 8%
© 4%
s
€ o

G 1%





OEBPS/OEBPS/images/B9781455726721000027_f002-016-9781455726721.jpg
Distal nerve

Pre-synaptic terminal
‘Mitochondria
-Acetylcholine quanta

Synaptic cleft Acetylcholine receptors

-Junctional folds

Post-synaptic membrane
(muscle)





OEBPS/OEBPS/images/B9781455726721000039_f003-020-9781455726721.jpg
—===————o{§ Z_C

g
3

Proximal Distal

o=

I\

b 2

s

Proximal





OEBPS/OEBPS/images/B9781455726721000064_f006-011-9781455726721.jpg





OEBPS/OEBPS/images/B9781455726721000064_t0020.jpg
Stimulus  n  m EPP MFAP CMAP
1 1000 20 4 - Low

2 980 19.6 3.9 - Decrement

3 960 192 3.8 - Decrement

4 940 188 37 - Decrement

5 920 192 38 - Decrement (repair)






OEBPS/OEBPS/images/B9781455726721000027_f002-002-9781455726721.jpg





OEBPS/OEBPS/images/B9781455726721000027_f002-010-9781455726721.jpg





OEBPS/OEBPS/images/B9781455726721000027_f002-004-9781455726721.jpg
C-5.

C-6

C-7

C-8

Trunks Divisions

Dorsal
scapular

Long
thoracic

Medial
pectoral

Medial
brachial
cutaneous

Cords Branches

Suprascapular

Lateral pectoral

Musculocutaneous

Avillary
Radial

Median

Ulnar

‘Thoracodorsal

Medial
antebrachial
cutaneous





OEBPS/OEBPS/images/B9781455726721000040_f004-001-9781455726721.jpg





OEBPS/OEBPS/images/B9781455726721000027_f002-017-9781455726721.jpg
Actin

Myosin

Cross bridging






OEBPS/OEBPS/images/B9781455726721000064_f006-004-9781455726721.jpg
50 Hz repetitive nerve stimulation 2mviD

233% increment

T T





OEBPS/OEBPS/images/B9781455726721000039_f003-008-9781455726721.jpg
3V
22ms

24V
22ms





OEBPS/OEBPS/images/B9781455726721000039_f003-014-9781455726721.jpg
10mviD 3msiD

21mA
Optimal

1.0 o lateral »—|-/ \ /#,51»"&’
W





OEBPS/OEBPS/images/B9781455726721000064_f006-010-9781455726721.jpg





OEBPS/OEBPS/images/B9781455726721000039_f003-021-9781455726721.jpg





OEBPS/OEBPS/images/B9781455726721000064_f006-005-9781455726721.jpg





OEBPS/OEBPS/images/B9781455726721000015_f001-006-9781455726721.jpg
Cardinal rules of
NCS and EMG

Nerve conduction studies and

EMG are an extension of the
clinical examination

+ ' [

Queston whether the fndings | | yen o oy, hinkabout | | Whenin doub,reexamine

on the EDX study are relevant 3
1o the clinical problem (R the patient

v
Aways think about the
clinical-electrophysiologic
correlation

v

When in doubt, do not
overcall a diagnosis






OEBPS/OEBPS/images/B9781455726721000027_f002-018-9781455726721.jpg
Active recording electrode

4

Active recording electrode

Iy

i
W

N





OEBPS/OEBPS/images/B9781455726721000428_ifcopy-002-9781455726721.jpg
Working together to grow
libraries in developing countries

e liviercom | wwwbookaidorg | wwwksabre.org

ELSEVIER  POOKAI®  Sabre Foundation






OEBPS/OEBPS/images/B9781455726721000040_f004-002-9781455726721.jpg
PL

!

Miinal F Latency

!

Minimal F Latency





