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ORIGINAL ARTICLES



Neurophysiology of Fastest Voluntary Muscle Contraction in Hereditary Neuropathy Eric L. Logigian, MD, Harald H. Hefter, MD, Karlheinz Reiners, MD, and Hans-Joachim Freund, MD



In patients with hereditary motor and sensory neuropathy types I (demyelinative) and I1 (neuronal) and in normal subjects, isometric force and electromyographic activity of the first dorsal interosseous muscle were recorded during fastest voluntary contractions and during twitches evoked by nerve stimulation. The maximum voluntary force of the first dorsal interosseous muscle was also measured. In patients, fastest voluntary contraction time (i.e., time from onset of contraction to peak force) was prolonged and inversely proportional to maximum voluntary force. Maximum rate of rise of tension (i.e., slope of rise in force) was reduced and directly proportional to maximum voluntary force. In patients with hereditary motor and sensory neuropathy type I, contraction time was longer and the maximum rate of rise of tension was lower than in those with hereditary motor and sensory neuropathy type 11. In patients and normal subjects, voluntary contraction time was closely correlated with the duration of electromyographic bursts. In patients, the twitch contraction time was prolonged and inversely proportional to maximum voluntary force. Twitch contraction amplitude was diminished and directly proportional to maximum voluntary force. Neither twitch contraction time nor amplitude were dependent on the type of hereditary motor and sensory neuropathy. Twitch contraction time evoked by proximal nerve stimulation was minimally longer than that evoked by distal stimulation. In fastest voluntary muscle contractions performed by patients with hereditary motor and sensory neuropathy, it is argued that: (1) Decrease in maximum rate of rise of tension is due to a reduced number of motor units, an increase in motor unit contraction time, and possibly lower motor unit firing rates in type I compared to type I1 neuropathy patients. ( 2 ) The central nervous system appears to adapt to a decreased rate of rise of tension by prolonging duration of the agonist electromyographic burst, thus lengthening contraction time. This may result in higher peak forces than if burst duration were normal. Logigian EL, Hefter HH, Reiners K, Freund H-J. Neurophysiology of fastest voluntary muscle contraction in hereditary neuropathy. Ann Neurol 1990;27:3-11



The timing and duration of agonist and antagonist muscle activity are slightly different in fast voluntary isotonic limb movement and fast voluntary isometric muscle contraction [l], but both types of fast motor behavior are largely preprogrammed in the central nervous system, with little dependence on feedback. For example, in deafferented patients, the triphasic agonist-antagonist-agonist electromyographic (EMG) pattern of normal fast isotonic limb movement is preserved [I, 21. In the isometric condition, the voluntary contraction time (CT) (i.e., time from onset of contraction to peak force) is largely independent of the peak force achieved, both in humans 13, 41 and cats [51, because the central nervous system adjusts the rate of rise of tension so that it is directly proportional to the intended peak force [3-51. A nearly constant CT is mainly achieved by an agonist EMG burst length which is relatively constant in duration [3, 5, 61. The number



of motor unit discharges within the relatively fixed burst duration determines the amplitude (i.e., peak force) of the contraction 13, 51. The same appears to be true in the isotonic condition over the range of smaller amplitude movements 17-1 11. Even though fastest motor behavior may be completed in kss time than that required to react to an external stimulus through the operation of a peripheral feedback loop, it is not insensitive to external or internal stimuli {7, 12, 131. In humans, it is thought that compensatory adjustments are made in agonist and antagonist muscle activity in response to initial errors (presumably detected by internal monitoring of motor output) [141. Furthermore, there appears to be a range of fast motor behavior between that which maximizes muscle contraction speed and that which maximizes accuracy [41. In light of these clues indicating flexibility of fast
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motor programming by the central nervous system, we set out to investigate how peripheral neuropathy disturbs fast motor behavior and how the central nervous system adapts to this disturbance. There are few such studies in the literature. I n patients with lower (or upper) motor neuron disease, Hallett [l5] found prolonged EMG burst durations during fast isotonic movements. Lengthening of EMG burst duration would presumably prolong isotonic movement time or isometric CT, although such mechanical parameters were not measured. Miller [l6] recorded mechanical aspects of fastest voluntary isometric contraction in patients with partially denervated muscle and found that maximal rate of rise of tension was reduced. I n our study, mechanical and electrical parameters of fastest voluntary and twitch contractions were recorded from the first dorsal interosseous muscle in patients with hereditary motor and sensory neuropathy (HMSN). We focused o n 3 sets of questions. H o w are fastest voluntary contractions altered in patients with peripheral neuropathy? Specifically, are prolongation of CT and reduction of maximum rate of rise of tension correlated with the severity of neuropathy (quantitated by maximum voluntary force of muscle) or the type of neuropathy (neuronal versus demyelinative)? Are alterations in twitch CT or amplitude correlated with the severity or type of neuropathy? H o w can alterations in twitch parameters explain the underlying changes in motor unit properties responsible for diminished rate of rise of tension in fastest voluntary contractions? Is prolonged voluntary CT d u e to dispersion of the agonist EMG burst within the peripheral nervous system or is it mainly due to a change in motor programming by the central nervous system?



Methods We studied 6 normal control subjects (4 male, 2 female; ages 22-56 years) and 10 patients with HMSN who were found by clinical and electrophysiological criteria [ 17- 191 to have HMSN type I (3 male, 2 female; ages 25-50 years) or HMSN type I1 (4 male, 1 female; ages 22-49 years). All patients with HMSN type I had conduction velocity of the median motor fibers of less than 38 m/sec, whereas all HMSN type I1 patients had conduction velocity of the median motor fibers of more than 38 m/sec [191. Examination of biopsy specimens of the sural nerve in 4 of 5 patients with HMSN type I and 3 of 5 patients with HMSN type I1 supported our clinical and physiological diagnoses.



Collection of Data Subjects and patients were comfortably seated. Their pronated forearm rested on a horizontal armrest to which it was secured with leather straps at the level of the wrist and the middle and proximal parts of the forearm. An adjustable
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plastic ring was tightened snugly around the proximal interphalangeal joint of the index finger of the dominant hand and attackied to a Schaewitz DC force transducer (Schaewitz Engineering, Pennsauken, NJ) with a range of 10 or 50 newtons (N). To record force of index finger abduction, the transducer was secured to the armrest so that its axis was perpendicular to the index finger and in the plane of the hand. The thumb was fixed in partial abduction in order to stabilize the first metacarpal bone, the origin of the lateral head of the first dorsal interosseous muscle. The force signal was amplified and split into 2 components, one to a display meter from which the force could be easily read and the other to the A-D converter of a Nicolet-Med-80 Lab computer (Madison, WI). Electrical activity of the first dorsal interosseous muscle and its antagonist, the second palmar interosseous muscle, was recorded with bipolar surface Tonnies EMG electrodes (Freiburg, West Germany) (cathode taped over the motor point of the muscle, reference electrode over the metacarpophalangeal joint of the index finger), preampliiied and amplified (Tonnies) at a gain of 500 p V N , filtered (band pass: 10-10,000 Hz), full-wave recufied (10-msec time constant), and fed into the A-D converter of the computer. Finally, a stimulating electrode was taped to the wrist over the ulnar nerve, with the distal cathode placed at the level of the distal wrist crease. (Another stimulating electrode was available for more proximal stimulation of the ulnar nerve.) The following measurements were then made: 1. Maximum voluntary force (MVF) of the first dorsal interosseous muscle was determined by asking the subject to push the lateral aspect of the index finger maximally against the force transducer until the force plateaued. The mean of 3 trials, separated by 30 seconds, was calculated. 2. Immediately after an auditory stimulus (1,000 Hz, 50msec duration), subjects were asked to make a single contraction against the force transducer to reach peak force in the shortest possible time. The force and rectified surface EMG signal were sampled at 1,000 Hz for 1.024-second epochs beginning 50 msec before the auditory stimulus. After 10 to 20 practice trials, 15 to 20 trials were recorded with a pause of about 30 seconds between each trial. Subjects were asked to vary the amplitudes of the self-paced, nontargeted contractions from trial to trial while simultaneously making each contraction as fast as possible, so that contraction peak force ranged from as small to as large as possible (up to MVF). All trials were observed and any that, despite attempts to secure the forearm, appeared to be performed with "trick" movements at the wrist, elbow, or shoulder were rejected. All those accepted were stored on magnetic disk. 3 . In 7 of 10 patients and 6 of 6 control subjects, twitch contractions of the first dorsal interosseous muscle were recorded after submaximal and supramaximal stimulation of the ulnar nerve at the wrist. In 3 patients with HMSN type I and 2 with HMSN type 11, the ulnar nerve was stimulated supramaximally at the wrist and high in the upper arm while both the twitch of the first dorsal interosseous muscle and the compound muscle action potential were recorded. 4. In 6 patients with prolonged voluntary CT of the first dorsal interosseous muscle (4 with HMSN type I and 2 with type 11), fastest isometric contractions of the extensors of the



index finger were also recorded. In these experiments, the plastic ring remained on the proximal interphalangeal joint but the axis of the force transducer was rotated 90 degrees so that it most sensitively registered force of the extensor indicis proprius (the major extensor of the index finger) rather than the lateral head of the first dorsal interosseous muscle. (Note that the medial head of the first dorsal interosseous muscle makes a minor contribution to extension of the index finger.) 5. Because we used motor conduction velocities of the median nerve to help classify patients as HMSN type I or 11, whereas we studied contractions of muscles innervated by the ulnar nerve, it was necessary to prove that motor conduction velocities of the ulnar nerve were in the same range as those of the median nerve. The ulnar nerve was supramaximally stimulated at the wrist, elbow, and upper arm. Conduction velocity was determined as the distance between the proximal and distal cathodal sites of stimulation, divided by the difference between the proximal and distal latencies of the compound muscle action potential of the first dorsal interosseous muscle.



Analysis of Data The CTs and amplitudes of voluntary and twitch contractions were measured from the force profiles displayed on the Nicolet computer screen using an interactive cursor display. The CT of each fastest voluntary contraction was plotted on the y axis against its respective peak force (PF) on the x axis, and a linear regression analysis was performed to obtain a regression line for each subject (20). The slopes of the regression lines (CT/PF) were then plotted against MVF. The maximum absolute rate of rise of tension was determined as the slope of the linear midportion of the rising phase of the highest amplitude voluntary contraction. It was then plotted against MVF. A maximum relative rate of rise of tension (in percent MVF/msec) was calculated by dividing the absolute rate by MVF/100 (161. This was done to normalize absolute rates of rise of tension for variations in muscle strength. Twitch CT and amplitude of the first dorsal interosseous muscle, evoked by supramaximal stimuli of the ulnar nerve at the wrist, were plotted against MVF. For each voluntary contraction, the rectified agonist EMG burst duration was measured using the interactive cursor display and plotted against CT. In those patients whose abductor and extensor muscles of the index finger were studied, CT of the maximum amplitude contraction (peak force approximately equal to MVF) from abductors was compared with that from the extensors. The Spearman rank correlation coefficient (rs) was calculated for the various plotted relationships and its statistical significance was determined using standard tables. The Mann-Whitney U test was used to determine the statistical significance of differences in relative maximum rate of rise of tension between patients and normal subjects. The Wilcoxon signed rank test was used to evaluate the significance of differences between CTs of abductors and extensors of the index finger. Statistical significance of differences in EMG burst durations between patients and normal subjects was determined with the Student’s t test.



Results In normal subjects, the maximum rate of rise of muscle tension during fastest voluntary contractions increased with increasing peak force, such that contractions with differing peak forces were performed in nearly the same CT (Fig 1). In patients, the weakest contractions were usually accomplished with a normal CT (Fig 2B). However, in 8 of 10 patients, CT increased as peak force increased (Fig 2A, B). Furthermore, the slope of the regression line of CT versus peak force increased with decreasing MVF and for a given MVF was greater in patients with HMSN type I than in patients with HMSN type I1 (Fig 3A). Similarly, the maximum a b solute rate of rise of tension was directly proportional to MVF and reduced in most patients with HMSN. It was lower in patients with HMSN type I than in those with HMSN type I1 (see Figs 2A, 3B). The range of maximum relative rate of rise of tension was 1.0 to 1.5% MVFlmsec (median, 1.2% MVFlmsec) for normal subjects, 0.72 to 1.80% MVFlmsec (median, 0.93% MVFImsec) for patients with HMSN type 11, and 0.39 to 0.52% MVFlmsec (median, 0.45% MVFI msec) for those with HMSN type I. The maximum relative rate of rise of tension was significantly lower in patients with HMSN type I than in patients with HMSN type I1 ( p < 0.005) but was not significantly lower in patients with HMSN type I1 than in normal subjects ( p = 0.087). The altered motor unit properties accounting for reduced rate of rise of tension in voluntary contractions of patients with HMSN were indirectly investigated by analyzing supramaximal twitch contractions. Twitch CT of the first dorsal interosseous muscle was



Fig 1. Superimposed voluntary contraction cuwes (A) are s h w n for a n o m l subject whose first dorsal interosseous muscle had a maximum voluntary force of 34 N . (B) Contraction time (CT, in msec) versus peak force (PF, in newtons) is plotted for each contraction in A and the regression line & 2 standard deviations are shmn. (C) The superimposed rectified electromyographic bursts from the first dorsal interosseous muscle, corresponding to the contraction curves in A, are plotted. (Onlysingle agonist electromyographicbursts were observed.),Horizontal bar = 100 msec in A and C ; vertical bar = 2.5 N in A, 0.25 mV in C. Note that contraction time and electromyographic burst duration are near4 independent of peak force.
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Fig 2. (A) Superimposed voluntary contraction curves for 3 of the 5 patients with hereditary motor and sensory neuropathy (HMSN) type I1 (left)and 3 of the 5 patients with HMSN type I (right) are shown, matched for maximum voluntavy force (MVF) offrst dorsal interosseous muscle as follows: 17.0 N (lower traces), 12.5 N (middle,left), 13.0 N (middle, right) and 8.0 N (top traces). (B) Contraction time (CT, in msec) verJus peak force (PF, in newtons) is plottedfor each contraction in A, and the regression lines 2 2 standard deviations are shown. (C) Superimposed rectified electromyographicbursts from the first dorsal interosseous muscle, corresponding to the contraction curves in A, are plotted. (Only single agonist electromyographic bursts were obseded.) Horizontal bar = 100 msec in A and C; vertical bar = 1.25 N in A, 0.25 mV in C. Note that for lower peak forces, contraction time is normal but that in most patients contraction time increases with peak force, more so in those with lower maximum voluntary force and in patients with HMSN type 1. As maximum voluntary force decreases, electromyographic burst duration increases.



slightly longer in weaker patients than in normal subjects, being inversely proportional to MVF. There was no difference in twitch CTs between patients with HMSN type I and those with HMSN type I1 (Fig 4A, C). There was a strong correlation between twitch contraction amplitude and MVF (Fig 4A, D), again without a difference between patients with HMSN type I and those with HMSN type 11. Prolongation of voluntary CT associated with weakness or demyelinative HMSN was best accounted for by an increase in agonist EMG burst duration (see Figs 6 Annals of Neurology Vol 27 No 1 January 1990
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lC, 2C), which closely correlated with CT (Fig 5). Generally, EMG burst duration increased as MVF decreased (see Fig 2C) and the longest bursts were observed in patients with HMSN type I (see Figs 2C, 5). As sometimes occurs in fastest isometric muscle contractions [3, 20, 217, only single agonist EMG bursts were observed in normal subjects (see Fig 1C) and in patients (see Fig 2C). Even when present, second agonist bursts did not affect CT [47. We did not systematically investigate antagonist muscle activity during fastest single contractions in patients with HMSN. Some simultaneous recordings of first dorsal interosseous and second palmar interosseous muscles showed co-contraction in 2 normal subjects and in 4 patients with HMSN. In patients, when agonist burst durations were prolonged, antagonist bursts were also prolonged. It could be argued that a prolonged EMG burst duration and voluntary CT could be secondary to peripheral dispersion of a normal duration, centrally programmed motor command, particularly in patients with HMSN type I. This seemed unlikely to be the major cause of prolonged voluntary CTs for the following reasons. First, lowest amplitude CTs were usualIy not prolonged. Second, higher amplitude CTs were sometimes prolonged for as long as several hundred milliseconds (see Fig 5), which is incompatible with the observation that patients with hereditary de-
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B Fig 3. (A) The slope of the regression lines (CTIPFJon they axis is plotted against maximum voluntaryforce of the first dorsal interosseous muscle on the x axis for n o m l subjects ( i-), patients with hereditary motor and sensory neuropathy (HMSN) type I (O),and those with HMSN type II (0). The slope is nearly 0 for normal subjects, increases as maximum voluntary force decreases (rs = - 0.780, p < 0.001, n = 16) and is greaterfor patients with HMSN type I than for patients with type I I . (B) Maximum absolute rate of rise of tension (RRT)on they axis is plotted against maximum voluntaly fmce offirst dorsal interosseous muscle on the x axis for normal subjects ( ), patients with HMSN type I (0) and those with HMSN type II (0). Maximum rate of rise of tension is positively correlated with maximum voluntary force (rs = 0.853, p < 0.001, n = 1G) and is lower in patients with HMSN type I than in those with type II. (N = newtons.)
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myelinating neuropathy have only slightly greater dispersion of conducted impulses than do normal subjects 1223. Nevertheless, to test this hypothesis, the ulnar nerve was stimulated proximally and distally in patients with HMSN, while twitch and compound muscle action potential of the first dorsal interosseous muscle were simultaneously recorded. Figure 6 shows that the electrical and mechanical dispersion attributable to the demyelinated peripheral nervous system is minimal compared to the lengthening of burst duration and CT seen in the higher amplitude voluntary contractions of weak patients (see Figs 2, 5). Since MVF of extensor indicis proprius was better preserved than that of the more distal first dorsal interosseous muscle in patients with HMSN, fastest voluntary CTs of these muscles were compared. In normal subjects, both muscles have the same voluntary



CT 133. In 5 of 6 patients, the CT of fastest, maximum amplitude muscle contractions was longer in the first dorsal interosseous muscle than in the extensor indicis proprius. The median difference in CT was 70 msec (range, 0-160; p < 0.05). As expected 1223, conduction velocities of the ulnar nerve were entirely consistent with those of the median nerve. Patients with HMSN type I had conduction velocities of the ulnar nerve that ranged from 16 to 30 m/sec and patients with type I1 had velocities ranging from 40 to 54 m/sec. Discussion Twitch amplitudes evoked by a single supramaximal nerve stimulus are only a fraction of the maximal amplitude generated by voluntary contraction 1231 (compare Fig 4A, B with Figs 2A, lA), mainly because in the latter, motor units fire repetitively and their twitch forces summate. Repetitive discharge of motor units has been documented in fast voluntary contraction of the first dorsal interosseous muscle (24, 251, the masseter 1251, and the anterior tibialis muscle 1261. The rate of rise of tension is proportional to intraburst motor unit firing rates 127, 281. It also depends on the number of activated motor units [28) and their contractile properties (i.e., CTs and amplitudes) [27). With this background, it will be argued that in the performance of fastest voluntary contractions: (1) The maximum absolute rate of rise of tension is diminished in patients with HMSN because of a reduction in the number of motor units, an increase in CT of motor units, and, in patients with HMSN type I, possibly by a decrease in motor unit firing rate. (2) The central nervous system appears to compensate for a reduced maximum rate of rise of tension by prolonging the agonist motor unit spike train (and hence the surface EMG burst duration). This may be a partially effective strategy because CTs of single motor units are much longer than their respective action potential durations 1291. Therefore, a prolonged motor unit spike train may mechanically summate to produce a steadily rising force even if it does not electrically summate to produce a rise in EMG amplitude. Hence, when the maximum rate of rise of tension is diminished, a given contraction amplitude may still be achieved by lengthening the agonist EMG burst (see Fig 51." T h e amplitude and timing of the antagonist motor unit burst relative to that of the agonist [4, 6, 141 may also affect the rate of rise of tension and the CT,but we doubt that changes in antagonist burst parameters are important determinants of slowed voluntary contractions in patients with HMSN. First, the timing of the antagonist burst was the same in both normal subjects and patients. It occurred virtually simultaneously with the agonist burst, as has been reported previously in studies of muscles in the human hand C3, 201. Second, although the amplitude of the antagonist burst relative to that of the agonist was not studied, we assume that agonist (first dorsal interosseous) and antagonist (second palmar interosseous) muscles are approximately equally affected by the neuropathy, since they are nearly equally distal.
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B Fig 4. Twitch contraction times offirst dorsal interosseous muscle after stimulation of the ulnar nerve at the wrist for (A)5 of the 6 patients with hereditary motor and sensory neuropathy (HMSN) whose voluntary contractions are shown in Fig 2A and (B)the n o m l subject whose voluntary contractions are shown in Fig 1A. Note that for some ofthe patients and the n o m l subject, twitches afier both submaximal and supramaximal ulnar nerve stimuli are shown with the onsets of contraction superimposed. Maximum voluntary force of first dorsal interosseous muscle (in newtons) is indicated. Horizontal bar = 100 msec; vertical bar = 1.5 N . For normal subjects ( i1, patients with HMSN type l (D), and those with HMSN type ll (0), twitch contraction time {C) and twitch contraction amplitude (0)afer supramaximal nerve stimulation are plotted against maximum voluntary force. Twitch contraction time is negatively correlated with maximum voluntary force (rs = - 0.489, p < 0.05, n = 13), whereas twitch amplitude is positively cowelated with maximum voluntary force (rs = 0.893, p < 0.001, n = 13).



Motor Unit Number Inspection of twitch contraction curves after submaximal and supramaximal stimulation of the ulnar nerve (see Fig 4A, B) demonstrates the importance of motor unit number. With stimulation of fewer units, peak force decreases much more than CT. Therefore, in a single electrically elicited twitch, the rate of rise of tension decreases as the number of activated motor units decreases. Furthermore, twitch contractions produced by repetitive nerve stimuli at a given frequency have a rate of rise of tension that increases as the stimulus intensity (and therefore the number of activated motor units) is increased f28). Results of our stimulation experiments (Fig 4A, D) are consistent with the hypothesis that weaker patients with HMSN have fewer available motor units than stronger patients. The reduced twitch contraction amplitude in patients with HMSN suggests that reinnervation of 8 Annals of Neurology Vol 27 No 1 January 1990
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denervated muscle fibers by remaining viable axons [30) does not fully compensate for loss of motor units. Therefore, in weak patients with HMSN, a decrease in the maximal rate of rise of tension may result from an uncompensated reduction in motor unit number. (Note that our data on twitch contraction and those of others fl6, 281 underestimate the amplitude of contraction of the first dorsal interosseous muscle, because both the first dorsal interosseous and the second palmar interosseous muscle, an adductor in the index finger, are activated by stirnulation of the ulnar nerve at the wrist.)



Motor Unit Contraction Amplitude Some data suggest that reinnervated motor units from partially denervated human first dorsal interosseous muscles have lower contraction amplitudes than normal units f31}. If so, twitch contraction amplitudes would be reduced more than expected from motor unit loss alone, and as argued already, the maximum rate of rise of tension would diminish still further. Motor Unit Contraction Time In the cat, twitch CT of whole muscle f32) faithfully reflects the CTs of its individual motor units f33, 341. Furthermore, muscles composed of motor units with shorter CTs generate higher rates of rise of tension to repetitive neural stimuli than do muscles with longer CTs f271. Patients with partially denervated muscle
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Fig 5. Contraction time of fastest voluntary contractions is plotted on they axis against electromyographicburst duration of the first dorsal interosseous muscle on the x axis for normal subjects (top),patients with hereditary motor and sensory neuropathy (HMSN) type I1 (middle),and those with HMSN type I (bottom). In all groups, contraction time is strongly positively Correlated with electromyographicburst duration: rs = 0.690, p < 0.001 (top); rs = 0.756, p < 0.001 (middle);rs = 0.928, p < 0.001 (bottom).Contraction times and burst durations are longer in patients than in nomzal subjects (p < 0.001) and longest in patients with HMSN type I.



F i g 6. Compound muscle action potentials (A)and respective twitch force (B) evoked from first dorsal interosseous muscle in a patient with hereditary motor and sensory neuropathy (HMSN) type I (motorconduction velocity of ulnar nerve = 25 mlsec), afer supramaximal stimulation of the ulnar nerve at the wrts~ (top) and high in the upper arm (bottom).Onset of the action potential and twitch traces are aligned. Timefrom onset to the long vertical lines indicate (A)duration of the negative &jection of the action potential and (B) twitch contraction time,for the wrist stimalus. T i mfrom onset to the shorter lines (arrows) mark the action potential duration (A)and twitch CT (B),for the stimulus in the upper arm. Distance between the long and short lines is a measure of dispersion of the action potential (A) and twitch (B) over the course of the nerve between stimulus sites. (An F response at a prolonged latency of 50 m e c is seen in the ldt part ofthe top trace.) Horizontal bar = 10 msec (A), 75 msec (B);vertical bar = 2 mV (A),1.O N (B).



and longer motor unit CTs 1311 have prolonged whole muscle twitch CTs { 161and lower absolute rates of rise of tension fl6l than do nondenervated control s u b jects. Therefore, weak patients with HMSN of either type who have prolonged twitch CT of the first dorsal interosseous muscle probably have prolonged motor unit CTs. Repetitive discharge of such motor units during fast voluntary muscle contraction f24, 251 would result in a lower rate of rise of tension than would be achieved by normal motor units firing at comparable frequencies 1271. Motor Unit Firing



Rate



Because twitch (and presumably motor unit) CT and contraction amplitude were not significantly different for matched patients with HMSN type I and I1 (see Fig 4), differences in maximal motor unit firing rates could explain the differences in voluntary contraction speed between the HMSN types. Repetitive stimulation experiments in mammalian skeletal muscle show that stimulus rates necessary to produce tetanic fusion and plateau of peak force are far below those required to produce maximum rates of rise of tension 1271. Similarly, motor unit firing frequencies required to maintain MVF are far less than those required during fastest voluntary contractions (see, for example, the report of Logigian et
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Budingen and Freund [35]). Therefore, motor units in patients with HMSN type I could have overall firing rates adequate to match the same MVF but have maximal firing rates that are too slow to match the rate of rise of tension produced by patients with HMSN type



11. We made no comparative recordings of motor units during fastest contractions to prove this hypothesis. However, it is known that during isometric ramp contractions of the first dorsal interosseous muscle, motor unit onset firing rates and force-related increase of firing rates are higher in patients with HMSN type I1 than in those with HMSN type I 1361. The same was found for peak isometric tremor frequencies 1371. Could maximal motor unit firing rates decline together with MVF to account for lower rates of rise of tension in weaker patients than in stronger patients with the same HMSN type? Cutaneous 138, 391 and agonist muscle spindle afferents 140) appear to provide an excitatory input onto motoneurons. Such input may be reduced in proportion to the sensory loss in patients with HMSN. Weaker patients could have lower rates of rise of tension than stronger patients with the same HMSN type because of greater sensory loss, lower excitatory drive onto motoneurons, and consequently lower maximal firing rates of motor units. We doubt this explanation for two reasons. First, during ramp contractions, motor unit [36} and tremor 1371 peak frequencies in weaker patients are not lower than those of stronger patients with the same type of HMSN. Second, fast isometric muscle contractions in deafferented patients are not slower than those of normal subjects (i.e., the slope of the plot of CT/PF is flat), although CT is more variable from one trial to the next E4lf. Volunraxy contractions in weaker patients with HMSN also have greater scatter of voluntary CT than normal (see Fig 1B vs Fig 2B) and, in addition, are sometimes less smooth in contour than normal (see Fig 1A vs Fig 2A). Variability in motor unit firing rates from trial to trial may account for greater scatter in CT between trials, whereas variability in the intraburst firing rate may account for lack of smoothness of individual trials. Alternatively, patients with jerky force profiles may have used a “discontinuous” motor strategy in which a given force pulse is composed of several smaller pulses, each the result of a separate “continuous” motor command 142). Burst Duration Weaker patients with either type of HMSN utilized a longer agonist EMG burst length and CT to reach higher peak forces than did stronger patients. This is mainly effected by the central nervous system, since it could not be accounted for solely by dispersion in the peripheral nervous system. Maximal rate of rise of 10 Annals of Neurology Vol 27 No 1 January 1990



muscle tension, although reduced in weaker patients with HMSN, is adequate to reach lower peak forces with a normal agonist burst duration. But to achieve higher peak forces, the central nervous system apparently must drive the remaining motor units to discharge repetitively over a longer interval. Moreover, prolongation of CT in weaker but not stronger muscles acting about the index finger suggests that motor programs of the central nervous system are selectively modified for some muscles and not others, depending on the extent to which they are affected by the peripheral neuropathy. Whether such modifications are dependent on internal or even external feedback, albeit abnormal in these patients, is unknown.
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