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Anatomy of the motor unit

The motor unit (MU) comprises the alpha motor neuron, its axon and all muscle fibers innervated by this axon (Sherrington, 1929). The number of MUs in each muscle is not exactly known. An electrophysiological technique of MU counting was first introduced by McComas and co-workers (McComas et al.1971). This technique and its derivatives yield an MU estimate of 100 to 500 in normal human extremity muscles. 

There are few anatomical studies of human MUs. One study (Feinstein et al.1955) in humans reported a variation from 9 muscle fibers per MU in the extrinsic eye muscles to nearly 2000 in the medial gastrocnemius MU. The tibialis anterior had intermediate values, with 562 muscle fibers per MU. Electrophysiological estimates of the number of muscle fibers per MU indicated about 200 in the biceps muscle and about 300 in the tibialis anterior muscle (Gath and Stålberg, 1981).

All muscle fibers in a given MU have the same histochemical and biomechanical characteristics. Histochemical techniques have been used to classify muscle fibers according to the concentration of oxidative enzymes and myofibrillar ATPase (Brooke and Engel, 1969). The intensity of oxidative enzyme staining is related to fatigability and the ATPase level is related to the twitch characteristics. 

The MU size varies considerably within the same muscle. The small MUs not only have fewer fibers, but their muscle fibers and innervating axons are also smaller in diameter (Burke and Tsairis, 1973). The small type I MUs are recruited first and therefore are called low threshold MUs. Larger MUs and proportionally more type II MUs are recruited at higher force. The orderly activation of MUs is based on the size of the ventral horn cell and is called the "Henneman's size principle" (Henneman, Somjen, Carpenter, 1965). It also reflects the size of the MU. 

In normal MUs muscle fibers are randomly scattered within an area called the MU territory. This territory usually has an irregular circular shape, with a diameter of about 2-10 mm (Buchthal, Guld, Rosenfalck, 1957; Stålberg and Dioszeghy, 1991). Low threshold MUs have smaller territories than high threshold MUs. The fiber distribution is about the same in small and large MUs. The distance between nearest neighboring fibers varies from very small (fibers in contact with each other) to many hundred m. For type I MUs, the probability of finding a muscle fiber within 300 m of another fiber from the same MU is about 50% (Stålberg and Trontelj, 1994). 

Normally each muscle fiber has one motor end-plate although dual innervation may be seen occasionally, not only in eye muscles but also in the EDC muscle (Trontelj and Stålberg, 1995). The muscle fibers have a cross sectional diameter of the order of 5-90 m (Dubowitz and Brooke, 1973). The mean diameter of muscle fibers is around 20-30 m in the facial muscles, 40-50 m in the upper limb muscles and 50-60 m in the muscles of the lower limbs (Polgar et al.1973). The muscle fiber diameter is about 10 % larger in men than in women (Brooke and Engel, 1969). All fibers of a given MU are activated synchronously, although not simultaneously. Their action potentials (APs) propagate from the end-plate to the ends of the muscle fiber with a propagation velocity of 1.5-6.5 m/sec (Stålberg, 1966), which is influenced by the fiber diameter (Håkansson, 1956).
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The distribution of muscle fibers can be studied with histochemical methods (Dubowitz and Brooke, 1973; Garnett et al.1979). However, these techniques are invasive and are usually restricted to only one muscle. Needle electromyography (EMG) is another method to study the MU. It is relatively non-invasive and several muscles may be studied. In diseases the microphysiology and muscle fiber topography within the MU territory and the interstitial tissue change. This produces changes in the electrical signals generated by the MU. This provides an indirect approach to study the MU structure. It has proven useful since there is a relationship between the MU architecture and the signals recorded from the MU (Buchthal, Guld, Rosenfalck, 1957; Stålberg and Ekstedt, 1973; Stålberg and Antoni, 1980). This will allow us to assess the type of structural alterations of MUs in individual muscles (neurogenic versus myogenic) and the distribution of abnormalities in the limb muscles (proximal, distal or other patterns). MUP analysis can also be used to follow up progression of neuromuscular diseases.

Electromyographic methods to study the MU
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The electrophysiology of the human MU may be studied with various electromyographic methods. Due to differences in the size, shape and construction, the signals recorded by different electrodes differ in shape and amplitude. They record from different portions of the MU territory. As a result, when these techniques are used together, they provide complementary information about the MU in normal muscles and in pathology (Stålberg, 1986). 

Concentric needle (CN) or monopolar needle (MN) EMG

These methods are used in routine needle EMG examination for the diagnosis of neuromuscular diseases. The first EMG needle electrode was developed by Adrian and Bronk in 1929. This was a CN electrode that has not changed significantly in the last seven decades. The standard modern CN consists of a 150 m diameter wire inside a hollow metal cylinder, the cannula. The tip is ground to a 15 degree angle, producing an elliptical recording surface (150 x 580 m) which has an area of 0.07 mm2. CN electrodes with a smaller recording surface area, and therefore different recording characteristics than the conventional electrode, are also available. In the CN, the cannula serves as the reference electrode. The MN electrode is an insulated metal wire with a conical recording surface which has an area of 0.25 mm2. A separate surface electrode is used as reference. 
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In routine EMG investigations, the muscle is studied during rest, during slight voluntary activation for single MU studies and during strong voluntary contraction, for the assessment of the so called interference pattern.

Single fiber EMG (SFEMG)

This technique is used to study the muscle fiber membrane characteristics, muscle fiber propagation velocity, function of individual motor end-plates, organization of muscle fibers in the MU territory, reflexes and central influences (Stålberg and Trontelj, 1994).
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As a refinement of the needle EMG, SFEMG has shed new light on the microphysiology of the motor unit.  

Macro EMG
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Macro EMG is used to assess the MU size. Macro EMG provides information about the electrical activity of the entire motor unit (Stålberg, 1980). The large recording surface of the electrode measures action potentials from a larger proportion of the motor unit than conventional EMG electrodes and provides more information about the motor unit than monopolar, concentric or SFEMG recordings. The technique has been described in detail elsewhere (Stålberg 1980, Stålberg and Fawcett 1982).    

Surface EMG 

Surface EMG recordings with spike triggering (Stålberg, 1977; Stålberg and Fawcett, 1982; Masuda and Sadoyama, 1986; Brown, Strong, Snow, 1988; Schneider, Rau, Silny, 1989; Roeleveld, Falck, Stålberg, and Stegeman, 1997) are used to assess MU size, propagation velocity and end-plate distribution. 

Scanning EMG
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The cross section of the MU, the territory, can be studied with multi-electrodes (Buchthal, Guld, Rosenfalck, 1957; Stålberg et al.1976) or with scanning EMG (Stålberg and Antoni, 1980). This technique has not been used in routine, but for research purposes. It requires a special device to pull an EMG electrode through the motor unit.

Methods for quantitative analysis

A number of quantitative methods have been developed, some of which have been introduced for a wider use in routine. For detailed descriptions, the reader is referred to individual publications (Stålberg,Trontelj 1994; Kopec, Hausmanowa 1976; McGill, Dorfman, 1989; Stashuk, De Luca, 1989; Stålberg et al 1995, Nandekar et al 1995,  Sanders et al, 1996, Stålberg, 1980).
	Method
	Parameters
	Principle methods

 for analysis

	
	
	

	SFEMG
	Jitter
	time intervals

	
	FD
	manual

	
	Prop vel
	time intervals

	
	
	

	Conc or monopolar EMG
	MUP shape descriptors
	manual

	
	
	decomposition

	
	IP
	turns-ampl

	
	
	frequency spectrum

	
	
	

	Macro EMG
	Macro MUP ampl,dur
	spike triggered averaging

	
	
	

	Surface EMG
	Global
	RMS, frequency spectrum

	
	Individual MUP
	spike triggered averaging

	
	
	

	Motor unit counting
	Size and # of MUs
	axonal stimulation

	
	
	spike triggered averaging

	
	
	variance analysis

	
	
	

	Scanning EMG
	MUP shape descriptors
	shape analysis

	
	Territory size
	manual
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