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Gregory T. Carter, MD, MS, Guest Editor




I was quite honored a few years back when I was invited by my friend and colleague, Dr Rick Lieber, to become a member of the external advisory board for his National Institutes of Health investigator-initiated grant entitled “Medical Rehabilitation Research Infrastructure Program in Muscle (MRRPM)” based at the University of California, San Diego. This is part of the Medical Rehabilitation Research Infrastructure Network. These grants were designed to facilitate integration and collaboration among physicians and basic science researchers with expertise in specific areas of biomedical research. The goals are to allow cross-collaboration and access to the latest technology and resources from all across the spectrum of scientific, in order to foster translational research. While I have been a part of many program project grants in my career, this new opportunity sounded very appealing to me.


After visiting Dr Lieber’s center this past summer, I came away thinking that this is the way rehabilitation research should be done. Physiatrists understand that the clinical problems confronting us in rehabilitation medicine are complex, involving virtually every aspect of the neuromuscular system. Our disabled neuromuscular patients encounter problems that will require the brightest and the best researchers pushing themselves to the limit to solve. Yet, no one single person or persons will be able to conquer disorders like muscular dystrophy or peripheral neuropathy working by themselves. Even when ideas are exchanged openly at meetings there are still missed opportunities. Why not have the brightest and the best muscle histologists working directly with the brightest and the best clinicians from all over America? With everyone working at the top of their game on specific aspects of a complex, multifaceted problem, there suddenly becomes a fighting chance that we can come up with truly effective treatment paradigms.


After the site visit, I was treated to a wonderful lunch near the beach in La Jolla, a place known for stimulating good ideas. As I sat there and listened to brilliant minds discussing their research in an open, collaborative fashion, the idea for this volume of Physical Medicine and Rehabilitation Clinics of North America was born. Now the important thing to understand here is that these centers exist for all of us, including clinicians who are not necessarily affiliated with a major academic center. Physiatrists should be comfortable with multidisciplinary, cross-collaboration and open sharing of information, as well a willingness to confront complex problems. The mission statement of rehabilitation professionals should also include both an academic and a clinical perspective. I am very excited about the opportunity to help introduce physiatrists and other rehabilitation clinicians to these research concepts.


My primary goal with this volume of Physical Medicine and Rehabilitation Clinics of North America is to provide you with an overview of the University of California, San Diego center followed by a series of cutting-edge articles that were born of this cross-collaborative methodology and offer the latest information on a myriad of clinical problems encountered in neuromuscular medicine. A secondary goal is to stimulate you to consider tapping in to this rich source of readily available help that will enhance your capability of doing medical rehabilitation research and clinical investigation. The third and ultimate goal is, of course, to improve the quality of life for people with neuromuscular disabilities but that cycles back in to my first two goals.


Finally, I want to personally thank all of the contributing authors for all their time and hard work invested here to provide you with an amazing wealth of cutting-edge information that can be directly applied to your clinical practice.





Dedication
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George H. Kraft, MD, MS




This volume is dedicated to Dr George H. Kraft, consulting editor of the Physical Medicine and Rehabilitation (PM&R) Clinics of North America for over 20 years. Under George's leadership, the Clinics are now the preeminent clinical reviews, with all papers cited on PubMed (National Library of Medicine). George has decided to step down and I am deeply honored to assume his position.


George is the consummate academician, leading by example and our field is deeply indebted to him. His career is hallmarked by novel, insightful research which profoundly improved quality of life for people battling multiple sclerosis (MS). For this, George received the coveted lifetime achievement award from the National MS Society. He is a past recipient of the Krusen award, our PM&R Academy's highest honor, and many other awards for groundbreaking work in MS and Electrodiagnosis. George accomplished this all while training countless medical students, residents, and fellows.


Yet George remains humble and caring, focused on things dearest to his heart: family, friends, mentees, and research. He is a role model for us all, with amazing zest for life, and tireless pursuit of excellence.


I close with a quote from naturalist John Burroughs, reminding me of George:


“I still find each day too short for all the thoughts I want to think, all the walks I want to take, all the books I want to read, and all the friends I want to see.”


With sincere gratitude,


Gregory T. Carter, MD, MS
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Abstract


Studies have shown promise in using various approaches of magnetic resonance imaging (MRI) and magnetic resonance spectroscopy to evaluate skeletal muscle involvement in Duchenne muscular dystrophy. However, these studies have mainly been performed using a cross-sectional design, and the correlation of these MRI changes with disease progression and disease severity has not been fully elucidated. Overall, skeletal muscle MRI is a powerful and sensitive technique in the evaluation of muscle disease, and its use as a biomarker for disease progression or therapeutic response in clinical trials deserves further study.
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In clinical practice, diseases of the neuromuscular system, particularly those that are of primary muscle origin, are evaluated with history and examination; electrodiagnostic testing (nerve conduction testing and electromyography); genetic testing; and muscle biopsy. Recently, there has been increasing interest in noninvasive imaging modalities, particularly muscle magnetic resonance imaging (MRI), for the diagnosis and assessment of disease progression for various neuromuscular diseases, including Duchenne muscular dystrophy (DMD).





Muscle imaging





Muscle Ultrasound


The use of muscle ultrasound in the assessment of muscle disease began to gain interest in the 1980s.1,2 This technique is still used clinically to identify muscle involvement3 and to aid in the selection of muscles for biopsy. However, the use of muscle ultrasound is limited because this technique is operator-dependent and not all muscles can be adequately assessed.








Muscle MRI and Magnetic Resonance Spectroscopy


MRI is a noninvasive imaging method without ionizing radiation, which has the ability to resolve muscle, fat, connective tissue, and bone. MRI has several advantages over muscle ultrasound, including that MRI has minimal operator-dependence and allows for excellent visualization of all muscles. Magnetic resonance spectroscopy (MRS) is a related noninvasive biochemical sampling technique that has been used in conjunction with MRI to quantify lipid fraction and metabolic products within muscle.4











Duchenne muscular dystrophy


DMD is the most common muscular dystrophy affecting children. It is an X-linked recessive disorder with an incidence of 1 in 3300 live male births.5 The disease is caused by mutations in the gene coding for the dystrophin protein.6 The dystrophin protein is a member of the dystrophin glycoprotein complex, an essential component of the muscle membrane7 that provides a link to the extracellular matrix. Mutations in the gene leading to abnormal or absent dystrophin protein lead to absence of localization of dystrophin to the dystrophin-associated glycoprotein complex as seen in muscle biopsy specimens. Disruption of the dystrophin glycoprotein complex and its linkage to the extracellular matrix leads to muscle membrane fragility8 and renders the myofiber more susceptible to contraction-induced injury. Repeated cycles of myofiber degeneration and necrosis ultimately lead to fatty and connective tissue replacement.9





Clinical Course


Boys with DMD typically come to clinical attention before age 5, presenting with delayed motor milestone acquisition, abnormal gait, and difficulty rising from the floor or ascending stairs. Patients experience progressive weakness, beginning in the proximal hip and shoulder girdle muscles, and later progressing to involve more distal muscles. Loss of ambulatory function is usually observed between the age of 10 and 15 years, and by the late teenage years or early twenties most patients die of cardiopulmonary complications.








Diagnosis


The diagnosis of dystrophin-related muscular dystrophy is made by history, physical examination, and markedly elevated serum creatine kinase level, and confirmed by genetic analysis of the dystrophin gene looking for deletions, duplications, or sequence variations.








Current Treatment


Glucocorticoids, a class of corticosteroids, are the only current pharmaceutical agent found to be beneficial in slowing disease progression in boys with DMD and are recommended as standard of care after boys enter the plateau or decline phases of the disease.10 Steroid therapy has been shown to benefit boys with DMD, with improved muscle strength, prolonged ambulation, stabilized pulmonary and cardiac function, and a reduced incidence of scoliosis.10-13 Despite known clinical benefit, the cellular mechanism by which steroid agent stabilizes muscle function has not been clearly elucidated. Although glucocorticoids have been shown to reduce the number of cytotoxic T cells,14 the immunosuppressant action of this drug is likely not the only mechanism protecting muscle in boys with DMD.15











Potential uses of MRI in DMD





MRI Findings in DMD


Numerous studies have shown the ability of MRI to detect alterations in skeletal muscle structure and composition in patients with muscular dystrophy.16-19 Initial studies used T1-weighted images and postcontrast imaging to document structural alterations in patients with muscular dystrophy and provide a qualitative assessment of skeletal muscle.18-21 Mercuri and colleagues22,23 developed a four-point grading system to categorize disease severity, based on visual inspection of fatty tissue infiltration. This strategy was recently used to screen DMD subjects in a clinical trial involving injection with antisense oligonucleotides.24 However, there is considerable interest in using quantitative imaging to monitor disease progression and efficacy of treatment strategies, which is the focus of the remainder of this article.








T1-Weighted Imaging


Quantitative evaluation with T1 imaging has been used to evaluate MRI changes in DMD. T1 values in DMD subjects are high early in the course of disease and fall with increasing clinical severity, associated with increasing fatty replacement of muscle.20 More recently, Garrood and colleagues25 showed that in eight of nine muscles analyzed, there was a statistically significant difference in the median muscle signal intensities on T1-weighted imaging between DMD subjects treated with steroids and control subjects.





T1-weighted imaging and gadolinium enhancement


Gadolinium contrast is used in MRI to better visualize vascular structures. In animal models of muscular dystrophy, gadolinium, which in normal muscle remains extracellular, is taken up into muscle fibers with damaged membranes.26,27 Given that membrane damage is present since birth, some hypothesize that this technique may be more appropriate for evaluating DMD patients early in the course of disease, before fatty infiltration is significant. In a recent study, Garrood and colleagues25 showed a significant increase in gadolinium uptake in the tibialis anterior muscles after stepping exercise in subjects with DMD, but not in the six other muscles studied and no change in the T2 value.








Muscle cross-sectional area


Some studies have used various MRI approaches to measure muscle size in DMD. Muscle cross-sectional area is a quantitative measure, typically calculated from manually tracing individual muscles in axial slices from T1-weighted images (Fig. 1). Recently, Mathur and colleagues28 used muscle cross-sectional area to compare boys with DMD with age-matched control subjects. They found that muscle cross-sectional area of the posterior calf muscles (soleus, medial, and lateral gastrocnemius) was approximately 60% greater in boys with DMD compared with control subjects, but this finding was not found in the two other muscles tested (tibialis anterior and quadriceps). Furthermore, they showed that there was an age-dependent relationship between the muscle cross-sectional area of the quadriceps muscle, with larger cross-sectional area in boys with DMD compared with control subjects less than the age of 10 years with a reversal of this association in boys aged 11 years and older. Therefore, the rate of progression of disease depends on muscle group, and an advantage of MRI is that numerous muscles can be evaluated at the same time.





[image: image]

Fig. 1 Representative T1-weighted fat-suppressed images of the lower leg of a boy with DMD that seems to have relatively little involvement (A) and of a boy in whom the disease is more progressed (B). This MRI sequence can be used to determine maximal cross-sectional area in various lower leg muscles, including the tibialis anterior (TA), extensor digitorum longus (EDL), tibialis posterior (TP), peroneaus (Per), soleus (Sol), lateral gastrocnemius (LG), and medial gastrocnemius (MG).




Although the calculation of muscle cross-sectional area is valuable, it does not discriminate between muscle tissue and fatty tissue/edema. These two components can be separated to calculate the muscle contractile and noncontractile tissue within an individual muscle. A recent study used this technique to compare 28 boys with DMD with 10 control subjects.29 It was shown that boys with DMD had a significantly greater proportion of noncontractile tissue compared with control subjects and that the proportion of noncontractile tissue increased significantly with age. Further, the proportion of noncontractile tissue correlated with a number of functional tests, including time to walk 30 ft; rise from the floor (supine up); and ascend four steps.29











T2-Weighted Imaging


Other investigators have used T2-weighted imaging to reflect muscle composition, including damage, inflammation, and lipid composition. T2-weighted imaging has been used to visualize dystrophic lesions in animals, and T2 mapping enables a quantifiable measure that enables more direct comparisons over time and at different sites. Kim and colleagues30 recently used a T2 mapping strategy to correlate mean T2 values with the nonquantitative MRI grading scale developed by Mercuri and colleagues3 and with clinical measures of disease severity. They found that the mean T2 of the gluteus maximus muscle showed significant correlation with the nonquantitative MRI score for fatty infiltration. Furthermore, they showed a significant positive correlation between the mean T2 value for the gluteus maximus muscle and several clinical measures, including patient age, clinical function scale, timed Gower score, and time to run 30 ft.30 In addition, distribution of T2 values in a region-of-interest has been examined on a pixel-by-pixel basis to provide information about muscle heterogeneity.16 An example of how this may be used to monitor progression of disease is shown in Fig. 2.





[image: image]

Fig. 2 (A) Representative T2-weighted images acquired with a TE of 20, 40, 60, 80, and 100 ms. (B) Using these images a T2 map can be created, then the pixels plotted within a region of interest to create a histogram. Note the rightward shift of the histogram indicating progression of disease in the soleus over a 1-year period in this subject.










Fat-Suppression Sequences


Implementing a fat-suppression procedure during a spin echo sequence (eg, short-tau inversion recovery imaging) suppresses the signal from adipose tissue, and thus the resulting signal is more sensitive to increased extracellular or unbound water content, consistent with edema or inflammation. This may be a particularly useful technique in younger boys with DMD in whom inflammatory changes with edema may be better markers than fatty infiltration because the latter change occurs later in the disease process. This is supported by a study by Marden and colleagues,18 using short-tau inversion recovery imaging, which found regions of increased signal intensity or muscle inflammation in dystrophic muscles of young boys with DMD in the absence of fatty tissue infiltration.








Three-Point Dixon Technique


In standard MRI sequences, the signal intensity for each voxel (the unit of measurement) is determined based on the fat and water signal intensities within that voxel. The three-point Dixon technique allows separation of MRI signal intensity into separate values for the individual contributions of fat and water in each voxel of tissue.31 This results in high-resolution water and fat maps (Fig. 3), and enables quantifying fat fractions of individual muscles. In addition, this sequence has the advantage of correcting for MRI inhomogeneities.32 Recently, Wren and colleagues33 implemented a three-point Dixon MRI technique to quantify the amount of lipid infiltration in the thigh muscles of nine boys with DMD and showed that quantitative measures of muscle adiposity correlate better with disease severity than strength measures.





[image: image]

Fig. 3 Example water and lipid maps of the lower leg of a control subject (A) and a boy with DMD (B) using three-point Dixon technique.




Similarly, preliminary data from our multisite study of the use of MRI in boys with DMD quantified the intramuscular lipid accumulation in the soleus muscle of 24 ambulatory boys with DMD. A strong correlation was found between the amount of intramuscular lipid assessed by volume localized 1H spectroscopy and measures of functional ability, including the Brooke lower extremity score (R2 = 0.78) and the time to walk 30 ft (R2 = 0.80) (Vandenborne, ImagingDMD, unpublished data, 2011).








Spectroscopy


In addition to MRI, various approaches of MRS have been used to study muscle involvement in muscular dystrophy, including proton spectroscopy (1H-MRS) and 31phosphorus MRS (31P-MRS).34,35 Although spectroscopy provides limited spatial information, it has proved to accurately quantify muscle metabolites and does not suffer from partial volume filling.16 One approach is to acquire a spectrum from a single voxel that is maximized in size within an individual muscle to obtain a large representation of the relative lipid concentration (Fig. 4). Recently, Torriani and colleagues (in press) used a similar approach to evaluate lipid composition in children with DMD in the soleus and tibialis anterior. In that study relationships between lipid fraction and functional measures were observed. Alternatively, Hsieh and colleagues36 used MRS to show that the trimethylamines-to-muscle total creatine ratio is significantly reduced in boys with DMD and correlates negatively with function. Therefore, there are a variety of MRS measures that show promise in measuring disease progression in DMD.
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Fig. 4 Example spectrum acquired from the soleus of a control subject (A) and a boy with DMD (B). Lipid peak includes a composite of intramyocellular and extramyocelluar lipid.













MRI as a biomarker for clinical trials


With a number of potential therapeutic interventions for DMD under development, and some in phase I and II clinical trials, there is an immediate need for such a noninvasive biomarker and MRI seems to be an enticing option. However, few MRI studies have presented a robust quantitative approach to monitor disease progression in DMD. Therefore, although MRI is a promising noninvasive method, further longitudinal studies are required to validate the sensitivity of the measures to monitor disease progression and treatment.





MRI Compared with Muscle Biopsy


Muscle biopsy, used to document the restoration of the dystrophin protein to the muscle membrane, is the gold standard for assessing benefit of potential therapeutic interventions for DMD. The value of muscle biopsy is based on its use in the diagnosis of DMD and its use for drug development and preclinical studies in model systems of DMD. In addition, a recent study by Kinali and colleagues37 showed a correlation between MRI changes (based on subjective scoring system) and histopathologic changes on muscle biopsy. They showed that there was a good correlation between MRI severity score and a categorical assessment of muscle involvement on standard histologic staining.


There are several concerns, however, with the use of muscle biopsy in clinical trials. First, it is an invasive procedure that involves taking repeated samples from individuals who may already have limited muscle mass. Second, it is susceptible to considerable human error, particularly with specimen processing. Furthermore, recent studies have suggested considerable variability of muscle involvement in DMD, even within a single muscle (eg, rectus femoris), and a muscle biopsy may not provide a true representation of the overall disease progression or therapeutic response.








MRI Correlation with Functional Outcome Measures


Functional measures including timed performance tests (6-minute walk, 30-m walk, time to ascend four stairs, and so forth) and quantitative strength measures have also been routinely used as outcome measures in DMD treatment trials. The study by Wren and colleagues33 and our preliminary data have shown correlation of various MRI modalities with standard functional measures.








Treatment Response


Notably, several recent treatment trials have included MRI as part of the study protocol. For example, a recent study implemented MRI to compare the T2 relaxation times of the myocardium and sternocleidomastoid muscle (accessory respiratory muscle) of boys chronically treated with deflazacort (treatment duration of at least 7 years) with a younger group of untreated boys.38 In addition, several studies have used MRI to quantify changes in skeletal muscle volume after treatment with either a neutralizing antibody to myostatin39 or after myoblast transplants.40











Summary


Studies have shown promise in using various approaches of MRI and MRS to evaluate skeletal muscle involvement in DMD. However, these studies have mainly been performed using a cross-sectional design, and the correlation of these MRI changes with disease progression and disease severity has not be fully elucidated. Overall, skeletal muscle MRI is a powerful and sensitive technique in the evaluation of muscle disease, and its use as a biomarker for disease progression or therapeutic response in clinical trials deserves further study.
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Abstract


Fatigue is common in neuromuscular disease and it may affect quality of life; however, it has not been adequately studied. We can approach fatigue in neuromuscular diseases systematically. Questionnaires are used to assess subjective or experienced fatigue, and with the wide availability of the Internet, many patients can fill out questionnaires through Web-based surveys. Researchers can use force-generation protocols to evaluate physical fatigability and attention protocols to evaluate mental fatigability. Using these techniques to further understand the mechanisms of subjective and physiologic fatigue will help physicians to develop more effective treatments for fatigue and improve patients’ quality of life.
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Neuromuscular diseases include a group of conditions that involve lower motor neurons (such as amyotrophic lateral sclerosis [ALS]), nerve roots (such as radiculopathy), plexuses (such as brachial plexopathy), peripheral nerves (such as axonal or demyelinating neuropathy), neuromuscular junctions (such as myasthenia gravis), and muscles (such as inflammatory myopathy). Some neuromuscular diseases can also involve upper motor neurons or the brain, however. For example, one of the diagnostic criteria for ALS is involvement of upper motor neurons. Patients with myotonic dystrophy have cognitive dysfunction and the severity of cognitive dysfunction correlates with the size of the CTG repeat.1





Definition of fatigue


Fatigue is common in many medical and neurologic conditions. One of the major challenges in studying fatigue is the lack of a commonly accepted definition; both physicians and patients often talk about “fatigue” without explicitly defining the term. Harrison’s Principles of Internal Medicine describes chronic fatigue syndrome as “a disorder characterized by debilitating fatigue and several associated physical, constitutional, and neuropsychological complaints,” yet never defines fatigue.2 In practice, “fatigue” may have meanings ranging from mental depression to neuromuscular weakness. Establishing a working definition is the first step in assessing fatigue.


One obstacle in defining fatigue is that it is used to describe either a trait or a state. Whereas a trait is more or less chronic, a state is a relatively temporary condition. In the body of fatigue research, the term “subjective fatigue” or “experienced fatigue” usually refers to the general sensation of tiredness or of difficulty in initiating physical or mental activity over several days to weeks. This is often assessed by questionnaires completed by the subject. The term “fatigability” or “physiologic fatigue” refers to difficulty in maintaining the physical or mental activity at a desired level. Physicians are familiar with the fatigability test used to examine a patient who is suspected to have myasthenia gravis. In the fatigability test, the examiner asks the patient to contract a muscle (for example, the deltoid muscle) repetitively and evaluates whether or not the force generated declines after a few repetitions. The muscle tested is judged to be “fatigable” if the examiner detects a decline in the force generated. Fatigability occurs in a short period of time; therefore, it can be measured quantitatively in a laboratory setting. It is important to note that subjective fatigue and fatigability are not necessarily correlated. In other words, even if patients complain that they are “tired all the time,” they may perform well on measures of fatigability. Researchers need to be careful to correctly define and interpret findings of subjective fatigue and fatigability.


A second important differentiation is “physical” versus “mental” subjective fatigue and fatigability. Subjective physical fatigue refers to the amount of effort a subject feels he or she needs to complete certain physical activities, such as performing manual labor, walking, jogging, running, or lifting weights, which require skeletal muscles to generate force. Physical fatigability is the type of fatigability that is induced by motor tasks, such as force generation. Subjective mental fatigue refers to the effort subjects feel they must put forth to pay attention to tasks. Mental fatigability is the degree of attention a subject can maintain when required to sustain attention or concentration for a certain period of time. Subjective mental fatigue and physical fatigue are not always correlated with each other.3 To the best of the author’s knowledge, no studies have examined the correlation between mental and physical fatigability.








Systematic approach of fatigue in neuromuscular diseases


One of the best ways to assess fatigue in neuromuscular diseases is to take a systematic approach (Fig. 1). We can assess subjective physical and mental fatigue using 1 dimensional and multidimensional questionnaires while assessing mental and physical fatigability in a laboratory setting. Researchers often use exercise protocols to evaluate physical fatigability and reaction time paradigms to evaluate mental fatigability.





[image: image]

Fig. 1 Systematic approach to fatigue. There are 2 aspects of fatigue: subjective fatigue and physiologic fatigability. We can characterize subjective fatigue (also known as experienced fatigue) using questionnaires. Other symptoms that are related (such as depression, sleep quality, and quality of life) are measured with appropriate questionnaires. We measure physiologic fatigability objectively in the laboratory setting. Physical fatigability is measured by continuous or intermittent exercise paradigms. The pathophysiology of physical fatigability (central vs peripheral) can be explored using transcranial magnetic stimulation or twitch interpolation. Mental fatigability is measured by a reaction time protocol, such as the Attention Network Test (ANT). The information obtained from the ANT allows us to differentiate deficits in alerting, orienting, or executive networks.







Using Questionnaires to Assess Subjective Physical and Mental Fatigue


Both 1-dimensional and multidimensional questionnaires are valuable in assessing the presence, severity, and prevalence of subjective fatigue. One-dimensional instruments, such as the Visual Analog Scale (VAS)4 and 9-item Fatigue Severity Scale (FSS),5 give a single score to indicate the severity of fatigue. Multidimensional fatigue instruments, such as the Multidimensional Fatigue Inventory (MFI)6 and the Piper Fatigue Scale (PFS),7 contain several subscales usually based on a factor analysis. These 4 fatigue instruments have been used in other neurologic or neuromuscular diseases, such as multiple sclerosis,5 Parkinson disease (PD),3 ALS,8 and postpolio syndrome.9





The Visual Analog Scale of fatigue


The VAS of fatigue is a 100-mm horizontal line representing the severity of fatigue ranging from 0 (right) to 100% (left). The subjects mark a point on the line that best represents the severity of their fatigue. The distance from the right is scored from 0 to 1.0. The scores in the Visual Analog Scale of fatigue correlated significantly with the multi-item fatigue subscale of the Profile of Mood States in subjects receiving chronic hemodialysis.10


Not all of these questionnaires are suitable for all neuromuscular diseases. To choose a suitable questionnaire for a particular neuromuscular disease, researchers need to determine the reliability, ease of use, and construct validity of that fatigue questionnaire for measuring fatigue in that particular disease.11 In addition, scores of a questionnaire should independently predict quality of life when adjusted for severity of associated conditions, such as immobility, depression, sleepiness, pulmonary function, and pain.








The Fatigue Severity Scale


Krupp and colleagues5 developed this 1-dimensional, 9-item fatigue inventory and validated its internal consistency, sensitivity, and test-retest reliability. The 9-item FSS was selected from a 28-item questionnaire. The investigators administered the 28-item questionnaire to 25 subjects with multiple sclerosis, 29 subjects with systematic lupus erythematosus, and 20 healthy controls. They asked subjects to read each statement of the questionnaire and choose the number between 1 and 7 that best described their degree of agreement with each statement: 1 indicates strongly disagree and 7 strongly agree. Using factor analysis, item analysis, and theoretical considerations, they chose 9 items from this questionnaire to form the FSS. They found that the FSS has good internal consistency (with a Cronbach’s alpha of 0.89 for multiple sclerosis, 0.81 for systemic lupus erythromatosus, and 0.88 for healthy controls). They also examined sensitivity of the scale (ie, the ability of the scale to detect clinically appropriate and predicted changes in fatigue) by administering the scale to 6 subjects with Lyme disease before and after antibiotic treatment and 2 subjects with multiple sclerosis before and after treatment with pemoline, a stimulant. In all of these subjects, clinical improvement was associated with reduced scores. In addition, they examined the test-retest reliability of the scale by administering the scale to subjects in whom there was no clinical reason to expect changes in their fatigue state. The subjects were tested at 2 points of time separated by 5 to 33 weeks. As hypothesized, no significant changes in the scores were noted.








The Multidimensional Fatigue Inventory


The MFI is a 20-item self-report instrument designed to measure fatigue.6 The 20 items cover 5 dimensions of fatigue: general fatigue, physical fatigue, mental fatigue, reduced motivation, and reduced activity. Smets and colleagues6 tested the psychometric properties of the MFI in 111 cancer subjects receiving radiotherapy, 395 subjects with chronic fatigue syndrome, 481 psychology students, 158 medical students, 46 junior physicians, 160 army recruits during their stay in the barracks, and 156 army recruits in the second week of intensive training. They demonstrated that the MFI was well accepted in both general and clinical populations. Ninety-six percent of the respondents completed the MFI without omitting items. They determined the 5-dimensional structure using confirmatory factor analysis and demonstrated that the 5-factor model fit the data in all samples tested. The instrument had good internal consistency with a Cronbach’s alpha of 0.84. They also established the construct validity of the instrument by comparing groups, assuming differences in fatigue based on differences in circumstances or activity level. For example, subjects with chronic fatigue syndrome scored higher than students and army recruits in barracks. Army recruits scored higher during intensive training than when they were in barracks.


Researchers have used the MFI to assess fatigue in subjects with cancer12,13 and chronic obstructive pulmonary disease (COPD).14,15 In a study of subjects with COPD, Breslin and colleagues14 measured pulmonary function, fatigue using the MFI, and depression using the Center for Epidemiologic Studies Depression Scale. They showed that depression correlated with general fatigue and mental fatigue but not with physical fatigue in the MFI. On the contrary, the severity of the pulmonary function impairment correlated with physical fatigue and reduced activity but not with mental fatigue. Other investigators have shown this separation between physical fatigue and mental fatigue as well.13,15


A multidimensional fatigue questionnaire, such as the MFI, is useful in characterize fatigue in different diseases. In studies in which the MFI was administered to patients with PD or ALS4,8 (Fig. 2), a stark contrast in the distribution of MFI subsores emerged. Patients with PD or ALS had greater overall MFI scores than controls. The subscores revealed that patients with ALS do not show significantly higher fatigue in the “Reduced Motivation” and “Mental Fatigue” subscores than controls, whereas patients with PD display significantly higher fatigue in these categories than controls.
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Fig. 2 Different characteristics of subjective fatigue in patients with ALS or PD measured by the Multidimensional Fatigue Inventory (MFI). The total MFI score is higher in patients with PD or ALS than in healthy controls (A and C). The MFI subscores “General Fatigue,” “Physical Fatigue,” and “Reduced Activity” are higher in patients with PD or ALS than in healthy controls; however, the MFI subscores “Reduced Motivation” and “Mental Fatigue” are not different from the controls in patients with ALS, but are higher in patients with PD (B and D).










The Piper Fatigue Scale


The PFS is a multidimensional questionnaire and includes 22 characteristics of fatigue in 4 different dimensions: behavioral/severity, affective meaning, sensory, and cognitive/mood.16 The validity and reliability of the PFS have been well established in subjects with cancer,7,17 myocardial infarction,18 and HIV.19 The PFS has been validated in postpolio syndrome,9 a lower motor neuron disease. Strohschein and colleagues9 administered the PFS to 64 subjects with postpolio syndrome and 25 healthy controls. They demonstrated that the instrument has a high internal consistency with a Cronbach’s alpha coefficient of 0.98 and strong test-retest reliability with an intraclass correlation coefficient of 0.98. The convergent validity of the instrument was shown with a strong positive correlation between the PFS and Chalder Fatigue Questionnaire.20


Subjects do not need to fill out these questionnaires in the presence of clinicians or researchers. Widely available Internet access is now making it possible for Web-based surveys to replace paper surveys.21 Many subjects can fill out these questionnaires online with minimum effort.











Measuring Physical Fatigability in a Laboratory Setting


Physical fatigability is the inability to maintain the desired force during sustained or repeated exercise. It can be assessed objectively is a laboratory setting. Two most commonly used exercise protocols are intermittent submaximal exercise protocol and continuous maximum force exercise protocol.


In the submaximal force protocol, the subject generates submaximal (usually 50% of MVC) contraction intermittently (eg, 3 to 5 repetitions per minute) (Fig. 3A). The submaximal force protocol mimics activities, such as walking or cycling, and fatigue develops over a longer period (10–30 minutes) than in the maximal force exercise protocol. Submaximal force generation is more common for activities of daily living and therefore is more relevant to study fatigue. In the submaximal exercise protocol, we first measure the baseline maximal voluntary contraction (BMVC) of the muscles of interest as the greatest MVC in 3 trials. We use the BMVC to calculate the 50% MVC to be used in the submaximal force protocol. For a duty cycle of 70%, the subject sustains a contraction of 50% MVC for 7 seconds and rests for 3 seconds repeatedly. After every 3 cycles, the subject attempts to perform an interval MVC (IMVC). This series is repeated until the subject is unable to generate an IMVC above 60% of the MVC. We use the slope of the IMVC to measure the development of physical fatigability.
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Fig. 3 Exercise paradigms used to determine physical fatigability. (A) The intermittent submaximal force exercise paradigm, and (B) the continuous maximum force exercise paradigm. At the beginning of the trial, the subject is encouraged to generate as much force as possible. The largest force of 3 attempts is the maximal voluntary contraction (MVC) or baseline MVC (BMVC). In the intermittent paradigm (A), each subject then performs cycles of exercise lasting for 10 to 7 seconds of muscle contraction at 50% of BMVC and 3 seconds of rest. An interval maximal voluntary contraction (IMVC) is performed after every 3 cycles. This continues until the subject develops fatigue, defined as the inability to generate an IMVC greater than 60% of BMVC.8 In the continuous maximum force paradigm (B), subjects attempt to maintain the muscle contraction at the maximal force for a period of time (for example, 30 seconds). The actual force generated (the curved line) will decline owing to development of physical fatigability. The Fatigability Index is calculated using the equation in the figure. A higher Fatigability Index indicates more physical fatigability.




In the maximum force exercise protocol (see Fig. 3B), the subject is instructed to generate sustained maximal voluntary contraction (MVC). The MVC is the force generated with the subject’s maximal effort with feedback and encouragement. During a sustained MVC, the force will decline gradually and fatigue will develop over a short period (<60 seconds). The maximal force protocol mimics activities, such as lifting heavy objects.











Physical fatigability has a central or peripheral origin


The generation of force during the maximal or submaximal exercise protocol includes a sequence of events, and fatigability can develop at any site involved.22 The activation of the upper motor neurons may be influenced by other processes in the central nervous system, such as motivation and integration of sensory inputs. Lower motor neurons in the anterior horn of the spinal cord and the signal transfer across the neuromuscular junction are other potential sites for development of fatigability.22 In addition, events occurring in the muscle during exercise can also result in fatigability. Central fatigability refers to reduced force generation caused by events at or proximal to the anterior horn cells, including the corticospinal tract, pyramidal cells, and motor cortex. Peripheral fatigability refers to the failure at or beyond the neuromuscular junction (Fig. 4).
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Fig. 4 Central and peripheral fatigability. Physical fatigability can be central or peripheral in origin. Central fatigability is fatigability originating at a site proximal to the neuromuscular junction. Peripheral fatigability is fatigability originating at or distal to the neuromuscular junction. Electromyelogram (EMG), twitch interpolation, and transcranial magnetic stimulation are techniques used to determine if physical fatigability is central or peripheral.




The development of central or peripheral fatigability depends on the exercise protocol.22 In the maximum force exercise protocol, the blood supply to the muscle is completely occluded during sustained MVC. As a result, K+ ion and other metabolites accumulate in the extracellular muscle space within seconds and cause peripheral fatigability. During the submaximal force exercise protocol, blood supply may be hindered during the contractions; however, hyperemia between contractions may still provide the muscle with enough blood and oxygen to prevent local accumulation of metabolites and causes less peripheral fatigability. The submaximal force exercise model is therefore used widely in studying central fatigability.





Twitch Interpolation and Transcranial Magnetic Stimulation (TMS) are Used to Differentiate Central from Peripheral Fatigability


In twitch interpolation, an electrical stimulus is delivered to the muscle or nerve to induce a maximal evocable force (MEF).22 The MEF is the force generated by a muscle when additional electrical stimulation does not result in further force increase. Based on this technique, central fatigability can be defined as any exercise-induced reduction in maximal voluntary contraction force that is not accompanied by the same reduction in maximal evocable force. In contrast, there is a parallel decrease in MVC and MEF in peripheral fatigability. The technique of twitch interpolation has been proven to be a useful tool in studying the mechanism of fatigability.


Schillings and colleagues23 used a modified twitch interpolation method to study the relative contribution of central and peripheral fatigability during a 2-minute maximum sustained muscle contraction. They assessed peripheral fatigability in 2 ways. First, by measuring muscle fiber conduction velocity during maximal voluntary contraction. Muscle fiber conduction velocity was determined with surface electromyography when stimulating the muscle endplate. Second, by comparing force level before and after a period of MVC. They assessed central fatigability by first measuring central activation failure (CAF). CAF was calculated using a formula23 that evaluated the relative size of the superimposed force (responding to the electrical stimulation) during a 2-minute sustained contraction. The central fatigability was the difference between the CAF at the beginning and the CAF at the end of the sustained muscle contraction.


Central fatigability can also be measured by transcranial magnetic stimulation (TMS). In TMS, a magnetic coil stimulator is placed over the motor cortex area. A changing magnetic field delivered by the stimulator induces an electric field in the motor cortex and excites the cortical motor neurons. The signals travel down the spinal cord and activate the lower motor neurons that in turn activate muscles. The responses from the muscle are recorded as motor-evoked potentials (MEPs). The excitability of the cortical motor neurons can be assessed either by comparing the amplitudes of MEPs at a given stimulus intensity or by calculating the probability of MEPs by stimulation at the threshold levels. Cortical processes, such as motivation and sensory integration, could influence the excitability of cortical motor neurons. A change of the excitability of cortical motor neurons associated with central fatigability would imply that processes proximal to upper motor neurons most likely cause central fatigability.


Samii and colleagues24 used TMS to investigate the change in cortical excitability associated with physical fatigability in healthy subjects. Subjects performed an intermittent isometric exercise of the extensor carpi radialis muscle for 30-second periods at half maximum force until fatigability (the inability to maintain half maximum force). The MEP amplitudes, measured after each exercise period, were on average 2 times larger than the MEP amplitudes before the exercise, a phenomenon they called postexercise facilitation. The increased MEPs decayed to baseline values over several minutes after the exercise ended. When fatigability developed, the MEP amplitudes were approximately 60% of the values taken before the exercise, a phenomenon they called postexercise depression. These depressed MEPs recovered to preexercise value over several minutes of rest. They hypothesized that postexercise MEP facilitation and depression are caused by intracortical mechanisms. Their findings suggest that TMS is a useful tool to measure and study the mechanism of central fatigability.


Our laboratory has used TMS to investigate the physiologic mechanisms of physical fatigability in Parkinson disease (PD). The increased physical fatigability in PD was associated with increased cortical excitability, and both were normalized by administration of levodopa.8


Gandevia and colleagues25 used TMS and twitch interpolation to investigate the mechanisms of central fatigability. Healthy subjects performed a sustained fatiguing MVC of the biceps muscle for 1.5 to 2.0 minutes. TMS stimuli were delivered before, during, and after MVC. TMS initially produced a small increase in biceps force and larger with the development of fatigability. To examine if peripheral fatigability played a role in fatigability development during this exercise, they induced ischemia in the biceps by using a blood pressure cuff. Neither maximal voluntary force, nor voluntary activation recovered during ischemia; however, the fatigability-induced changes in MEP recovered rapidly, despite maintained ischemia. Therefore, they concluded that reduced output from the motor cortex was associated with fatigability.


Twitch interpolation and TMS techniques allow researchers to measure central and peripheral fatigability, as well as to investigate the mechanisms of physical fatigability in neuromuscular diseases. The advantages and the limitations of twitch interpolation are thoroughly discussed in a recent article.26 Understanding the mechanisms of physical fatigability is the first step in developing effective treatments.








Peripheral and Central Physical Fatigability in Neuromuscular Diseases


Many patients with different types of neuromuscular diseases suffer from both peripheral and central fatigability. Schillings and colleagues27 investigated the experienced (or subjective) fatigue and physiologic fatigability in 3 genetically distinct neuromusucular disorders. They studied 65 pateints with facioscapulohumeral dystrophy, 79 patients with classical myotonic dystrophy, 73 patients with hereditary motor and sensory neuropathy type I, and 24 age-matched healthy controls. They used a 4-item fatigue questionnaire to measure experienced fatigue at the current moment just before the physiologic measurement. The subjects made a 2-minute sustained maximal voluntary contraction of the biceps brachii muscle. They used the techniques described in their previous article23 to measure peripheral and central fatigability. They found that patients had an increased level of experienced fatigue and less peripheral fatigability compared with controls; however, central fatigability was not different between patients and controls. Most interestingly, they found that patients had more than a threefold increase in central activation failure (CAF) than healthy controls (36% to 41% vs 12%). Furthermore, CAF slightly correlated with the level of experienced fatigue immediately before the test. They speculated that the large CAF in patients may be a result of reduced concentration, reduced motivation, or reduced effort.


Subjects with ALS also have more subjective fatigue and physical fatigability. Patients with ALS have been shown to have more pronounced subjective fatigue than healthy controls,8 and have excessive physical fatigability that has peripheral and central components.28,29








Mental Fatigability in Neuromuscular Diseases


No studies have examined mental fatigability in neuromuscular diseases; however, it is likely that patients with neuromuscular diseases may suffer from mental fatigability in addition to physical fatigability. For example, Schilling and colleagues27 speculated that the marked increase in CAF in patients with neuromuscular diseases may be a result of reduced concentration.


Mental fatigability can be defined as “deterioration in the performance of attention tasks over an extended period of time.” We can quantitatively assess mental fatigability by measuring reaction times or error rates over an extended period in a reaction time paradigm, commonly used to assess attention.30 An increase in reaction time or error rates over time would indicate development of mental fatigability.


Posner and Petersen31 brought the concept that attention comprises 3 anatomically defined brain networks: the alerting network, the orienting network, and the executive network. Each of these networks has been related to specific cortical sites and neurotransmitters. The alerting network involves the cortical projection of the norepinephrine system from the locus ceruleus to the parietal and frontal cortex,32 reflecting the ability to maintain alert state. The orienting network involves the cortical projection of the cholinergic system from the nucleus basalis to the temporal parietal junction, superior parietal lobe, and frontal eye fields,33 performing selection of information from sensory inputs. The executive network involves projection of the dopaminergic system from the substantia nigra to the anterior cingulate cortex and lateral prefrontal cortical regions34 for self-regulation of cognition and conflict-solving.


Fan and colleagues35 have developed a computerized attention network test (ANT) that provides a behavioral measure of the efficiency of the 3 attention networks within a single task. The ANT measures reaction times to visual stimuli in 12 different experimental conditions (3 different target types with 4 different cue conditions). The efficiency of the alerting, orienting, and executive networks can be measured by calculating the difference in reaction times between different experimental conditions. This test has been used as a behavioral test to evaluate the performance of healthy children,36,37 children with chromosome 22q11.2 deletion syndrome,38,39 children with attention-deficit hyperactivity disorder (ADHD),40 adults with borderline personality disorder,41 and patients with schizophrenia.42


Mental fatigability has not been investigated in subjects with neuromuscular diseases; however, patients with myotonic dystrophy may suffer from excessive mental fatigability because of their cognitive dysfunction.1 Patients with Duchenne muscular dystrophy also suffer from higher rates ADHD, autism spectrum disorder, and obsessive-compulsive disorder.43,44 It is crucial for us to examine if these patients suffer from more mental fatigability that would affect their quality of life.
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