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ABSTRACT

Motor unit recruitment is abnormal in myopathies. We have addressed this subject by recording motor unit
potentials (MUPs) using a standard concentric needle electrode in tibialis anterior muscles of clinically normal
strength in a group of patients with myopathy (15 with myositis and 4 with facioscapulohumeral muscular
dystrophy Type 1). In each recording site, a minimal voluntary contraction was sought in order to activate only 2
MUPs. At least 5 pairs of MUPs were recorded in each muscle. We analysed the recruitment rate of the first
activated MUP and the mean consecutive difference (MCD) of firing frequency between the individual MUPs of
each recruited pair. Results were compared with 30 healthy control subjects. In myopathy the first recorded MUs
fired at similar rates to controls (8.2 vs 8.0 Hz, respectively), but the MCD of the firing rate difference between
the first two recruited MUPs was less than in controls (median difference 1.78 Hz vs median difference 2.47 Hz,
p = 0.02). This change suggests increased lower motor neuron excitability as a functional adaptation, since
muscle strength was normal in the studied muscles. These findings are consistent with spinal cord adaptation to
the functional changes associated with myopathic muscle disease, although a primary muscle fibre feedback

sensing mechanism could also be involved.

1. Introduction

Concentric needle EMG studies in myopathies reveal motor unit
(MU) action potentials (MUPs) of increased complexity, shortened
duration and reduced amplitude (Fuglsang-Frederiksen, 2006). In ad-
dition, there is greater recruitment of MUs at low effort (Dietz et al.,
1975; Petajan, 1974; Halonen et al., 1981), firing at shorter MUP in-
tervals, producing a full interference pattern at less than maximal vo-
luntary contraction force, features suggesting disruption of Henneman’s
size principle of orderly recruitment (Petajan, 1974, 1991). Petajan
(1974, 1991) thought that abnormal MU recruitment in myopathies
could be explained by mismatch between force generated in weak
myopathic muscles and central motor programming in the brain, but
this EMG abnormality during recruitment in myopathies occurs even in
strong muscles.

The pattern of altered MUP recruitment in myopathies has been
studied using several different techniques. Halonen et al. (1981) re-
ported that MUP firing frequency was higher in patients with myopathy
than in controls (Dietz et al., 1975; Petajan, 1974) but the interval
variability of MUPs was found to be similar to controls (Petajan, 1974;
Dorfman et al.,, 1989). Fuglsang-Frederiksen and Smith (1987)

>

described normal MUP firing rate frequency and variability in patients
with myopathy, during contraction at 10% of maximal force. On the
other hand, increased variability of inter-MUP intervals has been re-
ported in both peripheral and central neurogenic disorders (Petajan,
1974; Halonen et al., 1981; Dorfman et al., 1989).

We have previously explored the variability of MUP firing during
very mild contraction of the tibialis anterior muscle (TA) by calculating
mean consecutive differences (MCD) of the firing rate of pairs of the
recruited MUPs (de Carvalho et al., 2017). Using this novel method, we
observed reduced MCD (lower MU firing rate variability) in patients
with spasticity in leg muscles associated with spinal cord lesions, and in
amyotrophic lateral sclerosis (ALS) (de Carvalho et al., 2017), con-
firming previous observations (Floeter et al., 2005; de Carvalho et al.,
2012). Here we extend these observations to myopathic muscle.

2. Subjects and methods

We studied two groups of subjects. There were 30 normal control
subjects, without neurological disease, referred for evaluation of non-
specific muscle and limb pain in whom all investigations, including
blood creatine kinase and inflammatory markers were normal, and in
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whom the EMG analysis was also normal. The second group consisted of
19 patients with myopathy, in whom there was proximal muscle
weakness. These 19 patients all had EMG studies as part of their diag-
nostic work-up. Four (2 men and 2 women aged 38-64 years) had fa-
cioscapulohumeral muscular dystrophy Type 1, confirmed by genetic
analysis as associated with mutational expansion of D4Z4 at C4q35. The
remaining 15 patients (11 women and 4 men) aged 36-76 years had
idiopathic chronic myositis confirmed by increased blood CK levels and
by muscle biopsy. All of them were responsive to steroids. These 15
patients were routinely monitored during weaning from steroid
therapy, which included neurophysiological assessment to identify
signs of active denervation (Desmedt and Borenstein, 1975), but none
were found. Typical ‘myopathic’ changes in motor unit morphology
were noted in the ‘Multi-MUP analysis’ program on a Medtronic Key-
point-Net EMG machine. The protocol was approved by the local Ethics
Committee and informed consent was obtained from all individual
participants included in the study.

2.1. Neurophysiological methods

MUP morphology and MU recruitment was studied in the TA muscle
in each subject using conventional disposable concentric needle elec-
trodes (CNEMG); recording area 0.07 mm?, linked to the EMG machine.
All the studied muscles were of normal strength (MRC5). For reasons of
convenience we preferred to study the right side. The skin temperature
was maintained greater than 32 °C.

For MUP firing rate analysis using the ‘Multi-MUP analysis” pro-
gram, the filter settings were 5 Hz-10 KHz, gain 200 mV/div and sweep
speed 5 ms/div. The CNEMG electrode was inserted into the superficial
layer of the TA muscle. Each subject was asked to initiate a slight,
steady contraction, without applied resistance (de Carvalho et al.,
2017), using auditory feedback provided by the loudspeaker of the EMG
machine, in order to recruit a single motor unit, and then to recruit a
second unit. The second unit almost always closely followed the first,
but did not fire at exactly the same frequency (Fig. 1). An initial period
of unstable contraction was usually followed by a steady firing rate. The
subject was asked to continue the muscle contraction for up to 2 min
(de Carvalho et al., 2017). All recordings accepted for analysis were
made in this stable phase. Recordings from subjects unable to maintain
a stable contraction, and those unable to produce a steady contraction
sufficient to recruit a second motor unit, were rejected. With this
technique, 5-6 pairs of motor units were acquired in up to 5 different
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Fig. 1. In the top panel two small motor units of short duration have been
recruited by very slight contraction of the tibialis anterior in a patient with
myositis. In the bottom panel two myopathic motor units fire regularly at very
similar firing rates.
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recording sites in the TA muscle, at different depth, each estimated
as > 1 cm apart. At least 25 recorded discharges from each motor unit
were required for analysis at each site (Fig. 1). Using this protocol,
fatigue is not an important consideration (de Carvalho et al., 2012,
2017).

2.2. Data analysis

The MUP analysis was done off-line. In each group, we compared
the amplitude, area, area/amplitude ratio and number of phases be-
tween first and second recruited MUP in the pair by applying Student’s
paired t-test (175 X 2 MUPs in controls and 109 x 2 MUPs in patients
with myopathy). Data between control group and patients with myo-
pathy were explored with an unpaired t-test. The p-value was corrected
for multiple comparisons (0.05/4 = 0.0125).

The mean firing rate for each motor unit in each pair of recorded
units, and the MCD between firing rates in each pair recorded in each
sequence were calculated. For MCD calculation we adapted the con-
ventional formula for “jitter” calculation (Ekstedt et al., 1974):
MCD = [FR.MU; — FR.MU,] + [FR.MUs — FR. MU,] + [FR.MU,_;.

— FR_.MU,1/[n — 1] (where FR is firing rate, MU is motor unit). The
Shapiro-Wilk test rejected normality in the data distribution. The Mann-
Whitney test was therefore applied to test differences between the two
groups. This procedure was applied to the MCD analysis and to the
study of the firing frequency of the first motor unit in a pair (Table 1).
The threshold for statistical significance was defined as p < 0.25
(0.05/2).

3. Results

A total of 568 MUPs were analysed in both groups (350 in the
control group and 218 in the group of patients with myopathy). In the
group of patients with myopathy, comparing the first and second MUP
in each pair did not disclose differences for amplitude (509.9 + 370.1
vs 527.3 * 382.8mV, respectively, p = 0.7), area (537 = 409.6 vs
604.13 = 424.6 mV-ms, respectively, p = 0.2), area/amplitude ratio
(1.09 = 0.40vs 1.23 = 0.50, respectively, p = 0.2) and mean number
of phases (3.72 = 1.08 vs 3.47 = 1.29, respectively, p = 0.5). The
same holds true for the control group, amplitude (581.6 + 369.2 vs
490.2 302.7 mV, respectively, p = 0.14), area (739.4 + 562.7 vs
650.1 443.7 mV'ms, respectively, p = 0.08), area/amplitude ratio
(1.31 = 0.45 vs 1.34 + 0.46, respectively, p = 0.40) and mean
number of phases (3.28 = 1.1 vs 3.47 * 1.3, respectively, p = 0.44).
Comparing the two groups, patients with myopathy and controls, MUP
amplitude (518.6 + 375.8 vs 5359 * 340.9mV, respectively,
p=0.57) was similar, but MUP area (566.4 + 413.4 vs
694.7 = 508.0 mV'ms, respectively, p = 0.002) and area/amplitude
ratio (1.16 * 0.46 vs 1.33 = 0.46, respectively, p < 0.001) were
smaller in the group with myopathy (Fig. 2). In addition, the mean
number of phases was greater in the myopathy group (3.08 + 1.78 vs
3.38 + 1.19, respectively, p = 0.001) (Fig. 2).

In both normal and myopathic subject groups the first recruited
MUPs fired at the same median frequency (8.2 vs 8.0 Hz, respectively).
However, the MCD of the MU firing rates of the first and second MU’s
was significantly shorter in the group of patients with myopathy
(median difference of 1.78 Hz between 1st and 2nd recruited motor
unit) compared with controls (median difference of 2.47 Hz, p = 0.02)
— (Table 1 and Fig. 3).
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4. Discussion

Our studies of MU recruitment in tibialis anterior (TA) muscles of
normal power (MRC 5) in patients with myopathy were made at
minimal voluntary activation, without imposed resistance. In all the
myopathic TA muscles MUP analysis was consistent with myopathy, as
supported by MUP area, area/amplitude area and number of phases.
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Table 1
Results.
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Subject groups Median age Number of MUs

Median MCD of MU firing frequency — 1st and 2nd potentials

Median firing frequency [Hz] of 1st MU [1st-3rd

[Males/Females] [1st-3rd IQR] analysed [1st-3rd IQR] IQR]
Normal subjects ~ 62.0 350 2.47 Hz 8.20Hz
[16/14] [48.0-69.0] [2.00-2.82] [6.90-9.60]
Myopathy 57.5 218 1.78 Hz 8.0 Hz
[6/13] [45.8-65.0] [1.12-2.20] [7.13-8.90]
P value 0.44 0.02 0.49

MCD - mean consecutive difference; IQR - interquartile range; FR - firing rate; MU — motor unit. p < 0.05 was considered as significant [bold].

MUP duration was not specifically analysed as MUP area is directly
derived from duration and amplitude of the recorded potential. We
investigated the variability between the frequencies of the recruited
MUPs in each MUP pair, using a calculation originally described to
estimate neuromuscular junction jitter (Ekstedt et al., 1974; de
Carvalho et al., 2017). In myopathy we found that the first recorded
MUPs fired at the same frequency as in control subjects, but the mean
consecutive difference (MCD) between the first and second recruited
MUPs was decreased (Table 1 and Fig. 3), indicating that the firing rate
of the second recruited MU was less variable than that of the first re-
cruited MU, measured in consecutive discharges.

High-density EMG analysis is a more novel and powerful technology
in EMG analysis, which would permit to investigate multiple MUs per
contraction, allowing to study MUPs integration and the propagated
muscle fibre conduction velocity of the individual muscle fibre com-
ponents of MUs. In utilising this technique the relation of neural drive
to EMG features, based on EMG spectral analysis and the average
conduction velocity of action potentials might be of interest in inferring
recruitment strategies (Farina et al., 2016; del Vecchio et al., 2017,
2018). However, it would be difficult to address the firing rate interplay
between the first and the second recruited MU during minimal volun-
tary force.

Myopathies are primary disorders of muscle. Spinal cord circuitry is
undamaged, and adaptable to muscle weakness. Petajan (1974, 1991)
suggested that in myopathies there is a mismatch between the reduced
force generated by a weakened muscle and the central program in the
brain and spinal cord required for force generation in the muscle, as
signalled by feedback from muscle, joint and cutaneous afferents. The
normal ‘efference feedback’ relationship is therefore disrupted leading
to re-ordering of the recruitment pattern of individual motor units. A
similar mismatch is present in neurogenic disorders but, in some of
these, e.g., motor neuron disease, there is disruption of sensory input
from muscle receptors at a spinal level as well as to the gamma efferent
innervation of muscle spindles (Swash and Fox, 1974; Dietz et al., 1975;
Halonen et al., 1981) leading to marked variability in MU firing rates
(Dietz et al., 1975; Halonen et al., 1981) in these disorders.
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Fig. 3. Box-plot representation of the mean consecutive differences [MCD] of
the firing rate of pairs of motor units in patients with myopathy and in controls.

During minimal activation of a muscle in normal subjects the first
recruited MUs are Type 1, slow-firing MUs, as predicted by the
Henneman principle. Muscle spindle and tendon organ activity (Swash
and Fox, 1974; Dietz et al., 1975; Hagbarth and Vallbo, 1969; Calancie
et al., 1993) and spinal interneurons (Pierrot-Deseilligny and Burke,
2005) are important in the regulation of low-rate firing, tonic alpha MU
excitability. Modulation between the firing rates of the first and second
recruited MUs in our recordings is unlikely given the slow firing rates
recorded at minimal voluntary activity (de Carvalho et al., 2017). In
degenerative motor neuron disorders, in which the neurons and their
connexions in the anterior horns are directly damaged, MU firing rate
variability tends to be more marked (Halonen et al., 1981; Fuglsang-
Frederiksen and Smith, 1987; de Carvalho et al., 2012). In contrast to
previous electrophysiological studies of myopathy, using different
techniques (Petajan, 1974; Fuglsang-Frederiksen and Smith, 1987;
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Fig. 2. Error bars with mean values and 2SD of the MUP measurements for controls and patients, amplitude (MUPamplC and MUPamplM, respectively), area
(MUPareaC and MUPareaM, respectively), area/amplitude ratio (MUPrAAC and MUPrAAM, respectively) and number of phases (MUPphC and MUPphM, respec-
tively), showing differences for area, area/amplitude ration and number of phases, but with large overlap.

43



M. de Carvalho and M. Swash

Dorfman et al., 1989), we found a lower variability (smaller MCD) in
patients with myopathy. Tonic motor unit activity is physiologically
slightly irregular (Andreassen and Rosenfalk, 1980; Petajan, 1991)
during slow motor unit firing. This has been attributed to threshold
spontaneous oscillations of the lower motor neuron membrane due to
“synaptic noise” from inconstant presynaptic inflow (Stilberg and
Thiele, 1973). The reduced MU firing rate variability observed in
myopathies is likely to reflect an adaptive increased motor neuron ex-
citability, as also described in patients with upper motor neuron lesion
(Floeter et al., 2005; de Carvalho et al., 2012). This probably involves a
change in the after-hyperpolarisation potential (Andreassen and
Rosenfalk, 1980) related to abnormal activation of persistent inward
currents (Gorassini et al., 2002; Floeter et al., 2005), that act to smooth
force output during a motor task (Broman et al., 1985).

The classical description of the ‘myopathic EMG’ pattern has been
criticised as not specific to primary muscle disease since atrophic or
hypoplastic muscle fibres, and neurogenic loss of axonal end-twigs
could also cause increased MU potential activation in relation to effort,
characteristic of the myopathic EMG (Engel, 1975). However, the ty-
pical myopathic EMG is a universal feature of primary muscle disorders,
whether metabolic, endocrine, inflammatory, structural or dystrophic.
Simulation studies have suggested that increased complexity of MU
action potential waveforms in myopathy is due to increased variability
of muscle fibre diameter, rather than loss of muscle fibres (Nandedkar
and Sanders, 1989), but this hypothesis does not account for the early
EMG changes in metabolic myopathies, such as thyrotoxic myopathy.
Petajan (1974, 1991) noted the increased recruitment and firing rate of
MUs in myopathies both at onset of minimal activity and during in-
creasing voluntary force, while also commenting on the lack of corre-
lation of abnormal MU potential morphology with fibre necrosis or
metabolic change. In myopathy weakness may be subclinical, un-
detected by simple clinical assessment of voluntary force. In metabolic
and endocrine myopathy, without structural change in muscle fibres,
weakness reflects an energy gap, causing altered excitation-contraction
coupling. The relationship between energy liberated during isometric
contraction and force was established by Fenn (1924), including its
variation during shortening and lengthening contraction, leading to
refutation of the then-pervasive visco-elastic theory of muscular con-
traction (Rall, 1982). The sliding filament theory (Huxley and Hanson,
1943) has required modification to take account of the role of titin, a
prominent muscular elastic protein which can store energy released at
the actin-myosin cross-bridges, providing a mechanistic explanation of
the Fenn effect. Titin binds to actin in the presence of released calcium.
Thus, disruption of the action of titin by disturbed calcium homeostasis
in muscle fibres offers a possible explanation of muscle fibre weakness
in non-structural myopathies (Nishikawa et al., 2012). In addition to
neural mechanisms, force production in muscle fibres may be modified
by intrinsic muscle signalling involving a focal adhesion kinase asso-
ciated with the titin complex at the sarcomeric M-band (Durieux et al.,
2009). The complex mechanisms governing mechanochemical trans-
duction and changes in MU firing rate, and in variability of firing rate,
have not been closely explored in neuromuscular disease, although this
aspect of central motor system adaptation to neuromuscular disease is
important in maintenance of functional capacity (Swash, 2017).

Conflict of interest

The authors report no conflict of interest.

Acknowledgements

This research was supported by UID/BIM/50005/2019, project
funded by Fundacao para a Ciéncia e a Tecnologia (FCT)/Ministério da
Ciéncia, Tecnologia e Ensino Superior (MCTES) through Fundos do
Orcamento de Estado (Portugal).

Journal of Electromyography and Kinesiology 45 (2019) 41-45

Appendix A. Supplementary material

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.jelekin.2019.02.005.

References

Andreassen, S., Rosenfalk, A., 1980. Regulation of the firing pattern of single motor units.
J. Neurol. Neurosurg. Psychiatry 43, 897-906.

Broman, H., De Luca, C.J., Mambrito, B., 1985. Motor unit recruitment and firing rates
interaction in the control of human muscles. Brain Res. 337, 311-319.

Calancie, B., Broton, J.G., Klose, K.J., Traad, M., Difini, J., Ayyar, D.R., 1993. Evidence
that alterations in presynaptic inhibition contribute to segmental hypo- and hyper-
excitability after spinal injury in man. Electrophysiol. Clin. Neurophysiol. 89,
177-186.

de Carvalho, M., Poliakov, A., Tavares, C., Swash, M., 2017. Interplay of upper and lower
motor neuron degeneration in amyotrophic lateral sclerosis. Clin. Neurophysiol. 128,
2200-2204.

de Carvalho, M., Turkman, A., Swash, M., 2012. Motor unit firing in amyotrophic lateral
sclerosis and other upper and lower motor neurone disorders. Clin. Neurophysiol.
123, 2312-2318.

Del Vecchio, A., Negro, F., Felici, F., Farina, D., 2017. Associations between motor unit
action potential parameters and surface EMG features. J. Appl. Physiol. 123,
835-843.

Del Vecchio, A., Negro, F., Felici, F., Farina, D., 2018. Distribution of muscle fibre con-
duction velocity for representative samples of motor units in the full recruitment
range of the tibialis anterior muscle. Acta Physiol. 222, €12930.

Desmedt, J.E., Borenstein, S., 1975. Relationship of spontaneous fibrillation potentials to
muscle fibre segmentation in human muscular dystrophy. Nature 258, 531-534.
Dietz, V., Budingen, H.J., Hillesheimer, W., Freund, H.-J., 1975. Discharge characteristics
of single motor fibres of hand muscles in lower motoneurone diseases and myo-
pathies. In: Kunze, K., Desmedt, J.E. (Eds.), Studies on Neuromuscular Diseases.

Karger, Basel, pp. 122-127.

Dorfman, L.J., Howard, J.E., McGill, K.C., 1989. Motor unit firing rates and firing rate
variability in the detection of neuromuscular disorders. Electroenceph. Clin.
Neurophysiol. 73, 215-224.

Durieux, A.-C., d’Antona, G., Desplanches, D., Freyssenet, D., Klossner, S., Bottinelli, R.,
Fliick, M., 2009. Focal adhesion kinase is a load-dependent governor of the slow
contractile and oxidative muscle phenotype. J. Physiol. (Lond) 587, 3703-3717.

Ekstedt, J., Nilsson, G., Stdlberg, E., 1974. Calculation of the electromyographic jitter. J.
Neurol. Neurosurg. Psychiatry 37, 526-539.

Engel, W.K., 1975. Brief, small, abundant motor unit action potentials. A further critique
of electromyographic interpretation. Neurology 25, 173-176.

Farina, D., Negro, F., Muceli, S., Enoka, R.M., 2016. Principles of motor unit physiology
evolve with advances in technology. Physiology (Bethesda) 31, 83-94.

Fenn, W.O., 1924. The relation between the work performed and the energy liberated in
muscular contraction. J. Physiol. (Lond) 58, 373-394.

Floeter, M.K., Zhai, P., Saigal, R., Kim, Y., Statland, J., 2005. Motor neuron firing dys-
function in spastic patients with primary lateral sclerosis. J. Neurophysiol. 94,
919-927.

Fuglsang-Frederiksen, A., Smith, T., 1987. Motor unit firing intervals and other para-
meters of electrical activity in normal and pathological muscle. J. Neurol. Sci. 78,
51-62.

Fuglsang-Frederiksen, A., 2006 Jun. The role of different EMG methods in evaluating
myopathy. Clin. Neurophysiol. 1 (117), 1173-1189.

Gorassini, M., Yang, J.F., Siu, M., Bennett, D.J., 2002. Intrinsic activation of human
motoneurons: possible contribution to motor unit excitation. J. Neurophysiol. 87,
1850-1858.

Hagbarth, K.E., Vallbo, IO\.B., 1969. Single unit recording from muscle nerves in human
subjects. Acta Physiol. Scand. 76, 321-334.

Halonen, J.-P., Falck, B., Kalimo, H., 1981. The firing rate of motor units in neuromus-
cular diseases. J. Neurol. 225, 269-276.

Huxley, H., Hanson, J., 1943. Changes in the cross-striations of muscle during contraction
and stretch and their structural interpretation. Acta Physiol. Scand. 173, 973-976.

Nandedkar, S.D., Sanders, D.B., 1989. Simulation of the myopathic electromyogram.
Muscle Nerve 12, 197-202.

Nishikawa, K.C., Monroy, J.A., Uyeno, T.E., Yeo, S.H., Pal, D.K., Lindstedt, S.L., 2012. mls
titin an ‘winding filament’? A new twist on muscle contraction. Proc. Biol. R. Soc. B.
Biol. Sci. 279, 981-990.

Petajan, J.H., 1974. Clinical electromyographic studies of the motor unit. Electromyogr.
Clin. Neurophysiol. 36, 395-401.

Petajan, J.H., 1991. AAEM Minimonograph #3: motor unit recruitment. Muscle Nerve 14,
489-502.

Pierrot-Deseilligny, E., Burke, D., 2005. The Circuitry of the Human Spinal Cord.
Cambridge University Press, Cambridge, pp. 1-642.

Rall, J.A., 1982. Sense and nonsense about the Fenn effect. Am. J. Physiol. (Heart Circ.
Physiol.) 242, H1-H6.

Stalberg, E., Thiele, B., 1973. Discharge pattern of motor neurones in humans. In:
Desmedt, J.E. (Ed.), New Developments in Electromyography and Clinical
Neurophysiology. Karger, Basel, pp. 234-241.

Swash, M., 2017. Six issues in muscle disease. J. Neurol. Neurosurg. Psychiatry 88,
603-607.

Swash, M., Fox, K.P., 1974. The pathology of the muscle spindle: effect of denervation. J.
Neurol. Sci. 22, 1-24.


https://doi.org/10.1016/j.jelekin.2019.02.005
https://doi.org/10.1016/j.jelekin.2019.02.005
http://refhub.elsevier.com/S1050-6411(18)30310-9/h0005
http://refhub.elsevier.com/S1050-6411(18)30310-9/h0005
http://refhub.elsevier.com/S1050-6411(18)30310-9/h0010
http://refhub.elsevier.com/S1050-6411(18)30310-9/h0010
http://refhub.elsevier.com/S1050-6411(18)30310-9/h0015
http://refhub.elsevier.com/S1050-6411(18)30310-9/h0015
http://refhub.elsevier.com/S1050-6411(18)30310-9/h0015
http://refhub.elsevier.com/S1050-6411(18)30310-9/h0015
http://refhub.elsevier.com/S1050-6411(18)30310-9/h0020
http://refhub.elsevier.com/S1050-6411(18)30310-9/h0020
http://refhub.elsevier.com/S1050-6411(18)30310-9/h0020
http://refhub.elsevier.com/S1050-6411(18)30310-9/h0025
http://refhub.elsevier.com/S1050-6411(18)30310-9/h0025
http://refhub.elsevier.com/S1050-6411(18)30310-9/h0025
http://refhub.elsevier.com/S1050-6411(18)30310-9/h0030
http://refhub.elsevier.com/S1050-6411(18)30310-9/h0030
http://refhub.elsevier.com/S1050-6411(18)30310-9/h0030
http://refhub.elsevier.com/S1050-6411(18)30310-9/h0035
http://refhub.elsevier.com/S1050-6411(18)30310-9/h0035
http://refhub.elsevier.com/S1050-6411(18)30310-9/h0035
http://refhub.elsevier.com/S1050-6411(18)30310-9/h0040
http://refhub.elsevier.com/S1050-6411(18)30310-9/h0040
http://refhub.elsevier.com/S1050-6411(18)30310-9/h0045
http://refhub.elsevier.com/S1050-6411(18)30310-9/h0045
http://refhub.elsevier.com/S1050-6411(18)30310-9/h0045
http://refhub.elsevier.com/S1050-6411(18)30310-9/h0045
http://refhub.elsevier.com/S1050-6411(18)30310-9/h0050
http://refhub.elsevier.com/S1050-6411(18)30310-9/h0050
http://refhub.elsevier.com/S1050-6411(18)30310-9/h0050
http://refhub.elsevier.com/S1050-6411(18)30310-9/h0055
http://refhub.elsevier.com/S1050-6411(18)30310-9/h0055
http://refhub.elsevier.com/S1050-6411(18)30310-9/h0055
http://refhub.elsevier.com/S1050-6411(18)30310-9/h0060
http://refhub.elsevier.com/S1050-6411(18)30310-9/h0060
http://refhub.elsevier.com/S1050-6411(18)30310-9/h0065
http://refhub.elsevier.com/S1050-6411(18)30310-9/h0065
http://refhub.elsevier.com/S1050-6411(18)30310-9/h0070
http://refhub.elsevier.com/S1050-6411(18)30310-9/h0070
http://refhub.elsevier.com/S1050-6411(18)30310-9/h0075
http://refhub.elsevier.com/S1050-6411(18)30310-9/h0075
http://refhub.elsevier.com/S1050-6411(18)30310-9/h0080
http://refhub.elsevier.com/S1050-6411(18)30310-9/h0080
http://refhub.elsevier.com/S1050-6411(18)30310-9/h0080
http://refhub.elsevier.com/S1050-6411(18)30310-9/h0085
http://refhub.elsevier.com/S1050-6411(18)30310-9/h0085
http://refhub.elsevier.com/S1050-6411(18)30310-9/h0085
http://refhub.elsevier.com/S1050-6411(18)30310-9/h0090
http://refhub.elsevier.com/S1050-6411(18)30310-9/h0090
http://refhub.elsevier.com/S1050-6411(18)30310-9/h0095
http://refhub.elsevier.com/S1050-6411(18)30310-9/h0095
http://refhub.elsevier.com/S1050-6411(18)30310-9/h0095
http://refhub.elsevier.com/S1050-6411(18)30310-9/h0100
http://refhub.elsevier.com/S1050-6411(18)30310-9/h0100
http://refhub.elsevier.com/S1050-6411(18)30310-9/h0105
http://refhub.elsevier.com/S1050-6411(18)30310-9/h0105
http://refhub.elsevier.com/S1050-6411(18)30310-9/h0110
http://refhub.elsevier.com/S1050-6411(18)30310-9/h0110
http://refhub.elsevier.com/S1050-6411(18)30310-9/h0115
http://refhub.elsevier.com/S1050-6411(18)30310-9/h0115
http://refhub.elsevier.com/S1050-6411(18)30310-9/h0120
http://refhub.elsevier.com/S1050-6411(18)30310-9/h0120
http://refhub.elsevier.com/S1050-6411(18)30310-9/h0120
http://refhub.elsevier.com/S1050-6411(18)30310-9/h0125
http://refhub.elsevier.com/S1050-6411(18)30310-9/h0125
http://refhub.elsevier.com/S1050-6411(18)30310-9/h0130
http://refhub.elsevier.com/S1050-6411(18)30310-9/h0130
http://refhub.elsevier.com/S1050-6411(18)30310-9/h0135
http://refhub.elsevier.com/S1050-6411(18)30310-9/h0135
http://refhub.elsevier.com/S1050-6411(18)30310-9/h0140
http://refhub.elsevier.com/S1050-6411(18)30310-9/h0140
http://refhub.elsevier.com/S1050-6411(18)30310-9/h0145
http://refhub.elsevier.com/S1050-6411(18)30310-9/h0145
http://refhub.elsevier.com/S1050-6411(18)30310-9/h0145
http://refhub.elsevier.com/S1050-6411(18)30310-9/h0150
http://refhub.elsevier.com/S1050-6411(18)30310-9/h0150
http://refhub.elsevier.com/S1050-6411(18)30310-9/h0155
http://refhub.elsevier.com/S1050-6411(18)30310-9/h0155

M. de Carvalho and M. Swash Journal of Electromyography and Kinesiology 45 (2019) 41-45

Mamede de Carvalho is a neurologist and neurophysiologist, head of the neuromuscular Michael Swash is Emeritus Professor of Neurology at Barts and the London School of
unit at Centro Hospitalar Universitario Lisboa Norte, unit leader of Instituto de Medicina Medicine, Queen Mary University of London, United Kingdom, and invited full Professor
Molecular and full Professor of Physiology and vice-dean of the Faculty of Medicine, of Neurology of Faculty of Medicine, University of Lisbon, Portugal. He is the founding
University of Lisbon, Portugal. editor of Amyotrophic Lateral Sclerosis and Frontotemporal Degeneration.

45



	Motor unit recruitment in myopathy: The myopathic EMG reconsidered
	Introduction
	Subjects and methods
	Neurophysiological methods
	Data analysis

	Results
	Discussion
	Conflict of interest
	Acknowledgements
	Supplementary material
	References




