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Key point summary: 
• ALS motoneurons become hypoexcitable with disease progression in 

experimental models, raising questions about the neural hyperexcitability 
supported by clinical observations. 

• A variant of the ∆F method, based on motor unit discharge frequency 
modulations during recruitment and derecruitment, has been developed to 
investigate the motoneuron capacity to self-sustained discharge in patients. 

• The modulation of motor unit firing rate during ramp contraction and vibration-
induced recruitment are modified in ALS, suggesting lower motoneuron capacity 
to self-sustained discharge, a sign of hypoexcitability. 

• ∆F-D decreases with functional impairment and its reduction is more pronounced 
in fast progressors. 

• In patients with ALS, motoneurons exhibit hypoexcitability, which increases with 
disease progression. 



ABSTRACT 

Experimental models have primarily revealed spinal motoneuron hypoexcitability 

in ALS, which is contentious considering the role of glutamate-induced 

excitotoxicity in neurodegeneration and clinical features rather supporting 

hyperexcitability. This phenomenon was evaluated in human patients by 

investigating changes in motor unit firing during contraction and relaxation. 

Twenty-two ALS patients with subtle motor deficits and 28 controls performed tonic 

contractions of extensor carpi radialis, triceps brachialis, tibialis anterior and 

quadriceps, to isolate a low threshold unit (U1) in EMG. Subsequently, they 

performed a stronger contraction or tendon vibration was delivered, to recruit 

higher threshold unit (U2) for 10 sec. before they relaxed progressively. EMG and 

motor unit potential analyses suggest altered neuromuscular function in all 

muscles, including those with normal strength (MRC score at 5). During the 

preconditioning tonic phase, U1 discharge frequency did not differ significantly 

between groups. During recruitment, the increase in U1 frequency (∆F-R) was 

comparable between groups both during contraction and tendon vibration. During 

derecruitment, the decrease in U1 frequency (∆F-D) was reduced in ALS whatever 

the recruitment mode, particularly for ∆F-R < 8 Hz in the upper limbs, consistent 

with the muscle weakness profile of the group. ∆F-D was associated with functional 

disability (ALSFRS-r) and its reduction was more pronounced in patients with more 

rapid disease progression rate. This in vivo study has demonstrated reduced 

motoneuron capacity for self-sustained discharge, and further supports that 

motoneurons are normo- to hypoexcitable in ALS patients, similarly to the 

observations in experimental models. 



INTRODUCTION 

Amyotrophic lateral sclerosis (ALS) is the most common and devastating motor 

neuron disease of middle-aged adults, characterised by the degeneration of upper 

and lower motor neurons (UMN and LMN, respectively). The progressive and 

selective loss of pyramidal cells (UMN) in the motor cortex and of bulbar and spinal 

motoneurons (LMN) leads to progressive paralysis and death. Mutations identified in 

familial forms (< 10 % cases) have been also reported in less than 10 % sporadic 

forms (Millecamps et al., 2012). Several putative aetiological factors have been 

proposed, including oxidative stress, intracellular protein aggregation, 

mitochondrial dysfunction, impaired axonal transport, inflammation and glutamate 

excitotoxicity, but the unifying pathogenesis of ALS remains notoriously elusive 

(Rothstein, 2009; Morgan & Orrell, 2016). 

Glutamate-induced excitotoxicity and enhanced neuronal discharge 

(hyperexcitability) contributes to increased calcium influx which, coupled with the 

reduced buffering capacity of neurons and astrocytes, results in oxidative stress 

and subsequent selective motor neuron loss (Bogaert et al., 2010; Fogarty, 2018). 

This hypothesis is further supported by the fact that riluzole (an anti-glutamatergic 

agent) and edaravone (antioxidant) are the only drugs known to date that 

significantly slow down disease progression (Bensimon et al., 1994; Abe et al., 

2017; Dharmadasa & Kiernan, 2018; Bhandari et al., 2018). At a spinal level, 

several studies have been undertaken to investigate the intrinsic excitability of 

motoneurons and its link to excitotoxicity and motor neuron degeneration. Reports 

of excitability are inconsistent in superoxide dismutase 1 (SOD1) mutant mice, 

ranging from hyperexcitability in embryos (Pieri et al., 2003; Kuo et al., 2005; 

Martin et al., 2013) to hypoexcitability in presymptomatic adults (Delestrée et al., 

2014). A recent study has reported that the most sensitive motoneurons to 

degeneration (innervating fast motor units) are hypoexcitable while the most 

resilient motoneurons (innervating slow motor units) exhibit normal excitability 

(Martínez-Silva et al., 2018). Studies of human motoneurons derived from induced 

pluripotent stem cells (iPSCs) have confirmed similar stages in excitability (Wainger 

et al., 2014; Devlin et al., 2015; Naujock et al., 2016). Taken together, these 

studies indicate that vulnerable motoneurons are not hyperexcitable. This raises of 

number of important questions on: i) the link between hyperexcitability, 



excitotoxicity and degeneration, ii) the transferability of observations from animal 

models to humans, and iii) the physiological interpretation of iPSC-derived 

motoneuron experiments, i.e. in motoneurons disconnected from the motor 

network. Furthermore, while motoneurons or astrocytes derived from sporadic ALS 

iPSCs exhibit similar characteristics to those derived from familial forms (Burkhardt 

et al., 2013; Qian et al., 2017), to our knowledge, no electrophysiological 

investigations have been reported in sporadic forms. Because mutations account 

for less than 20 % ALS cases, and given the disappointing results of therapeutic 

translation (from mice to humans), there is a possibility that hypoexcitability is a 

specific feature of familial forms and animal models. 

This in vivo study has been specifically designed to address these questions in 

patients with sporadic form of ALS. We settled on a variant of the non-invasive 

method of paired motor unit recordings that has been developed in humans to 

investigate the ability of spinal motoneurons to maintain self-sustained discharge 

(Kiehn & Eken, 1997; Gorassini et al., 1998, 2002a). This method is based on the 

frequency of occurrence of an isolated single motor unit potential (control unit U1) 

on the electromyogram (EMG), and the modulations of the motor unit firing rate 

produced by transient tendon vibration or during increase contraction force that 

lead to recruit a higher-threshold motor unit (test unit U2). The discharge 

frequency of U1 is used to estimate the common synaptic drive to motoneuron 

pool, and its modulations during recruitment are used to estimate the changes in 

firing threshold and ability for self-sustained discharge of spinal motoneurons. The 

difference in U1 frequency between recruitment and derecruitment of U2 (∆F) is 

between 1 and 8 Hz (Gorassini et al., 1998, 2002a, 2002b, 2004; Mottram et al., 

2009; Vandenberk & Kalmar, 2014; Wilson et al., 2015). The slower U1 frequency at 

U2 derecruitment, compared to recruitment, indicates that U2 motoneuron firing 

threshold is lowered and its firing can be maintained despite the lower synaptic 

drive, reflecting the non-linear motoneuron properties. It has been proposed, and 

confirmed in animal studies (Bennett et al., 2001), that ∆F are related to sodium 

and calcium-induced persistent inward currents (PICs), which are known to 

enhance motoneuron response to synaptic inputs and to produce self-sustained 

motoneuron discharge (Heckmann et al., 2005; Powers & Heckman, 2015, 2017). 

However, another group has proposed that ∆F may depend on other motoneuron 



intrinsic properties (spike-threshold accommodation and spike-frequency 

adaptation) and on the level of tonic inhibition (Revill & Fuglevand, 2011, 2017). 

Paired motor unit recordings, allowing for ∆F evaluation, is currently the only 

non-invasive methodology to estimate the intrinsic motoneuron excitability in 

humans in vivo. We have implemented it, to assess patients with ALS, and we used 

both ramp contractions and tendon vibrations, to investigate the modulations of 

discharge frequency of a low-threshold U1 motor unit during the recruitment and 

derecruitment of an higher-threshold U2 motor unit. We hypothesised that ∆F may 

be smaller in patients compared to age and sex-matched controls if spinal 

motoneurons were hypoexcitable in ALS. 

METHODS 

Ethical approval 

The study conformed to the standards set by the latest revision of the 

Declaration of Helsinki. The procedures were approved by Inserm (clinical research 

sponsor; protocol C14-21) and have obtained the authorizations of the national 

French ethics committees (CPP n°16-15 - Ile de France VI; ANSM 150154B-31; RCB 

2014-A01240-47). The study has also been registered on ClinicalTrials.gov PRS (NCT 

02429492). Before inclusion into the protocol, all the subjects have provided 

written informed consent. 

Subject groups 

The experiments were performed on 22 patients with ALS (5 females; mean age 

in years ± standard deviation = 61.6 ± 10.7; range 39-78) and 28 controls (4 

females; 62.8 ± 8.2; range 45-77). The inclusion criteria for ALS patients were 1) 

probable or definite ALS according to the El Escorial criteria (Brooks et al., 2000a)

(Brooks et al., 2000b), 2) mild motor deficits or preferably no clinical signs of 

motor deficits with normal clinical EMG examination in the triceps brachii (TB) and 

in quadriceps, to allow for comparison between proximal (less affected) and distal 

muscles (more affected than proximal ones), and 3) the absence of peripheral 

neuropathy. Only two patients had a familial form of ALS (P7: C9ORF72; P22: 

SOD1). The 20 sporadic cases were screened and tested negative for the 4 most 

common ALS-causing mutations (SOD1, FUS, C9ORF72 and TDP43; DNA extraction 

was performed by Genethon, Evry, France; DNA analysis was carried out at the 



University of Tours, France). Table 1 summarises the main clinical features of the 

cohort, including i) the disease duration in months from symptom onset, ii) the 

revised ALS functional rating scale (ALSFRS-r) scores, which measures disability in 

activities of daily living (Cedarbaum et al., 1999), iii) the progression rates 

indicating ALSFRS-r decline per month, iv) the UMN scores (see Methods) for upper 

(UL) and lower limbs (LL), v) UMN vs. LMN predominance or a classical ALS (with 

both UMN and LMN affection), and vi) the muscle strength evaluated by manual 

muscle testing and rated using the cumulative Medical Research Council (MRC) 

scores. Patients with comorbid neurological conditions were not included. The 

inclusion criteria for controls included the absence of prior or current neurological 

illness. 

Insert Table 1 near here 

Protocols 

The participants were comfortably seated in a reclining chair. Their forearms 

and hands rested on the arms of the chair, their shoulders at 20° abduction, the 

elbows at 120° extension, and their wrists in neutral position (hand in pronation). 

The investigated leg rested on a device fixed to the chair, with the hip semi-flexed 

at 110° extension, the knee at 120-130° extension, and the foot rested on a 

platform forming an angle with leg of 120°. During the recordings, the subjects 

were asked to perform isolated contraction of the muscle of interest and the 

movements were free from any constraint: i) wrist extension when studying 

extensor carpi radialis (ECR), ii) elbow extension when studying TB, iii) ankle 

dorsiflexion when studying tibialis anterior (TA), and iv) knee extension when 

studying quadriceps. Under these conditions, the risk of co-contracting the 

antagonistic muscles was greatly reduced. The 4 muscles were systematically 

investigated 1 by 1 in each participant, during the same experimental session. 

Recordings. EMG activities were recorded using single-use electrodes. Bipolar 

surface electrodes (foam electrodes with solid gel, 2-cm apart; FIAB, Florence, 

Italy) were secured on the skin, over the muscle belly of ECR, TB, TA or quadriceps. 

Intramuscular recordings were performed using paired hook wire electrodes (40-cm 

polytetrafluoroethylene -PTFE- insulated stainless steel wire, 0.08-mm diameter, 

40G) threaded through a hypodermic needle. In the needle, the tips of wires were 

positioned so that 2 mm of one wire and 5 mm of the second wire protruded from 



the needle. The first wire was stripped 2 mm, while the second wire was insulated 

3 mm and stripped 2 mm. The protruding ends were bent at 180° (SGM d.o.o., 

Split, Croatia). The needle was inserted in the ECR, TB, TA or quadriceps to implant 

the fine wires, and the needle was subsequently removed. Surface electrodes and 

fine wires were plugged to wifi connectors that transmitted the signals to an EMG 

zero wire system (Cometa Srl, Milan, Italy). EMG activities were amplified and 

filtered (x 5,000 and 10-500-Hz bandpass for surface EMG; x 1,000 and 10-1000-Hz 

bandpass for intramuscular EMG) before being digitally stored on a personal 

computer (2-kHz sampling rate; Power 1401 controlled by Signal 6, CED, 

Cambridge, UK). For the quadriceps, we placed the surface and fine wires on 

different heads: the surface electrodes were placed on VL to save place for the 

fine wire that we inserted in VM, another head of quadriceps most often used for 

intramuscular recording (less painful than VL). All controls were investigated on 

their dominant side (Oldfield, 1971), except one participant who sustained an 

orthopaedic injury on the dominant leg. Similarly, most of the patients were tested 

on their dominant side. The non-dominant side was only evaluated if the dominant 

side was too affected by muscle weakness. Consequently, 3 patients were tested on 

their non-dominant side: 2 on their dominant upper limb and non-dominant lower 

limb and the other way round for the last remaining patient. 

Contraction Protocol. The 4 muscles (ECR, TB, TA and quadriceps) were tested 

separately but on the same day, during the same session. To avoid any discomfort 

during strong contractions, the mean level of surface EMG produced during the 

maximal voluntary tonic contraction (MVC) was evaluated before implanting the 

fine wires. When the fine wires were inserted, the subjects were asked to perform 

and maintain a weak tonic contraction for 10-15 sec., to generate EMG activity 

allowing the evaluation of one motor unit potential (U1, control unit). During the 

recordings, the intramuscular EMG signal was transmitted to an external threshold 

system, with low and high amplitude threshold levels adjusted manually (visual 

checked on oscilloscope): when a unit potential was between these 2 levels, the 

system generated a TTL signal that triggered a sound. This system was used to 

monitor the EMG activity online, so that no more than 2 units triggered a TTL signal 

during this tonic phase. When the unit discharge was stable, the subjects were 

asked to increase their level of voluntary contraction so that higher threshold 



motor units were activated, but within a range of EMG activity which allowed the 

extraction of a second motor unit potential (U2, test unit). They were asked to 

maintain the contraction for ∼10 sec. before they relaxed the muscle progressively 

so that U2 and then U1 did not discharge anymore (derecruitment; Fig. 1A). Five 

trials were performed in each muscle, with a few minutes (> 2-3 min.) of rest 

between each trial. 

Insert Figure 1 near here 

Vibration Protocol. The vibration protocol was performed during the same 

session as the contraction protocol. It also started with a steady tonic contraction 

for 10-15 sec. before the muscle tendon was vibrated for 5 sec. at 100 Hz 

(Vibrasens system, TECHNO Concept, Mane, France). At the end of the vibration, 

the subjects were asked to maintain the contraction during 5 extra sec. before 

they relaxed the muscle progressively (Figs. 1BC). The subjects were asked not to 

resist the movement produced by the tendon vibration and not to modify their 

effort, especially after vibration. However, some participants had a tendency to 

increase their contraction force at the end of vibration. This was specifically 

monitored using surface EMG, and the data were not saved for subsequent 

analyses. Five trials were performed in each muscle, with few minutes (> 2-3 min.) 

of rest between each trial. 

The 2 protocols were performed the same day, during the same experimental 

session. During both, standardised instructions were given by the operator, i.e. 

when to contract and to relax, and the subjects received biofeedback: EMG signals 

were displayed on an oscilloscope and audio feedback was also provided (triggered 

by motor unit potentials). 

Data Analyses 

Clinical parameters 

Disease progression was calculated as follows: 

  

and the UMN score (derived from Simon et al., 2015): 

  

Progression =  
48 − Score to ALSFRr

disease duration in months
 

UMN score =



 

) 

i) reflex scores: tendon reflexes in soleus and quadriceps (to calculate the UMN 

score for the lower limbs) or in ECR and TB (to calculate the UMN score for the 

upper limbs), score 0 = normal or absent, 1 = present in wasted muscle, 2 = brisk; 

ii) Babinski (lower limbs) or Hoffmann sign (upper limbs), score 0 = absent, 1 = 

present, and iii) Ashworth score ≥ 3 (in upper or lower limbs): if quotation was < 3 

to the modified Ashworth scale, score = 0; if quotation was ≥ 3 (i.e. with high 

possibility of muscle clonus), score = 1. 

Electrophysiological parameters 

Surface EMG. The surface EMG recorded during MVC was rectified and the 

running mean was calculated over a 200-ms period, to evaluate the mean level. 

Then, the surface EMGs developed during the contraction and vibration protocols 

were expressed as a % the mean EMG level recorded during MVC (Figs. 1AB). The 

profile of the mean rectified surface EMG (% mean EMG level at MVC) was used to 

evaluate the duration of rise, plateau and relaxation phases of the contraction 

ramp (Fig. 1A). Then, the proportion of EMG increase and decrease during rising 

and declining phases, respectively, divided by their duration, was used to estimate 

the corresponding velocities.  

Intramuscular EMG. The intramuscular EMG was decomposed using Spike2 (CED, 

Cambridge, UK) to extract single motor unit potentials (Fig. 1); spike sorting was 

visually verified after the automatic procedure. For the contraction protocol, 

motor unit pairs were retained for further analysis only if U2 was recruited at least 

2 sec. after U1 frequency started to increase, at the beginning of the ramp 

(maximal PICs activation; Udina et al., 2010). Less motor unit pairs were analysed 

in the vibration protocol, compared to the contraction protocol for 2 reasons (154 

vs. 265, respectively; Tables 2 and 3). Firstly, the tendon vibration was not efficient 

enough to recruit higher threshold units in some subjects, irrespective of the 

subject groups; Chi2 analysis did not reveal any significant differences between 

controls and ALS, regardless of the tested muscle (P = 0.62: 3 controls vs. 3 ALS for 

ECR, 6 vs. 5 for TB, 5 vs. 2 for TA and 10 vs. 13 for quadriceps). Secondly, in 84 

motor unit pairs, U2 disappeared at the end of the vibration, like U2.2 in Figure 1C 

(passive derecruitment), and it did not appear anymore in the intramuscular EMG 

ref lex scores (0 to 4) + Babinski or Hof f mann sign (0 or 1) + Ashworth ≥ 3 (0 or 1



recording during the 5 extra sec. after the end of vibration, before the subject 

voluntarily relaxed. We compared the occurrence of passive derecruitment in 

controls and ALS, and we did not find any significant differences between the 

groups, irrespective of the investigated muscle (Chi2, P = 0.08; 12 pairs in controls 

vs. 11 in ALS for ECR, 3 vs. 10 for TB, 20 vs. 16 for TA and 9 vs. 3 for quadriceps). 

Since our objective was to evaluate the motoneuron ability to maintain self-

sustained firing after synaptic activation, we only retained the motor unit pairs 

with U2 derecruited only when the subjects voluntarily relaxed (active 

derecruitment) for group analysis (U2 in Fig. 1B and U2.1 in Fig. 1C). Finally, the 

unit pairs analysed in each protocol did not include the same units (U1 and U2); a 

specific pair was only sampled once for each protocol. Based on these criteria, a 

total of 583 motor units (U1 + U2) and 419 pairs were systematically analysed. 

Tables 2 and 3 indicate the number of unit pairs collected in each investigated 

muscle, in the contraction (Table 2) and vibration protocol (Table 3). Next to the 

number of unit pairs, the number of subjects is indicated between brackets. We 

obtained data in both upper and lower limbs in all subjects, at least in 1 of the 2 

muscles investigated at each level. 

Insert Table 2 near here 

Insert Table 3 near here 

Motor unit analyses. The amplitude and duration of motor unit potentials were 

estimated based on the templates extracted from intramuscular EMGs using Spike2. 

Their recruitment thresholds were estimated using the mean surface EMG, which 

was expressed as a % mean EMG level at MVC. The discharge rate (Hz) was 

estimated using the smoothed average of the instantaneous frequency and the 5th 

order polynomial fitting available in Spike2 (Figs. 1AB). The frequency of U1 was 

estimated when the unit discharge was stable during the weak tonic contraction (f-

U1 tonic), and before it increased by either: i) increasing voluntary effort during 

the contraction protocol (Fig. 1A), or ii) applying a tendon vibration in the 

vibration protocol (Figs. 1BC). Then, the mean frequencies of U1 and U2 were 

calculated when both units were activated together. The increase of U1 frequency 

during the recruitment (∆F-R) was measured as the difference in the firing rate of 

U1 when U2 was recruited during the rising phase of the contraction, which 



corresponded to the maximum firing rate of U1 (f-U1-max; Fig. 1A), and the firing 

rate of U1 during the prior tonic phase of the contraction (f-U1 tonic): ∆F-R = f-U1 

max – f-U1 tonic (Fig. 1A).  During the derecruitment of U2, ∆F was calculated as in 

previous studies, and corresponds to the difference between the frequency of U1 

when U2 was recruited and derecruited: ∆F-D = f-U1 recruitment – f-U1 

derecruitment; Fig. 1B). 

EMG and contraction force analysis 

In a subgroup of 7 ALS patients and 12 controls, we investigated the relationship 

between the mean level of surface EMG and the contraction force. The subjects 

were asked to perform a tonic wrist extension (ECR) or a tonic foot dorsiflexion 

(TA) at various force levels that were measured using wireless handheld 

dynamometer muscle tester (MicroFet2TM; Hoggan Scientific LLC, Salt Lake City, 

UT, USA). The surface EMG was collected and the running mean was calculated over 

a 200-ms period, as in the protocols (see above). Then, the mean EMG level was 

plotted against the force level in each subject and we compared the slope of the 

linear regression between groups using unpaired t test. 

Statistics 

Data analyses were performed taking into account all the motor unit pairs 

collected in the 2 protocols because motoneurons can manifest different 

sensitivities to PICs (Cotel et al., 2009; Wilson et al., 2015), and they can be 

differentially altered in ALS (Nijssen et al., 2017; Martínez-Silva et al., 2018). 

Moreover, we also compared ∆F-D between subjects (controls vs. patients with 

ALS); the maximal ∆F-D observed in each muscle in each individual subject was 

considered when several motor unit pairs were collected. 

Statistical analyses were performed with SigmaPlot 13.0 (Systat Software Inc., 

San Jose, CA, USA), and XLStat 21.1.2 (Addinsoft, Paris, France). The significance 

level α  was fixed at 0.05 and the results were considered statistically significant 

only if P < 0.05. Mean values are indicated ± 1 standard deviation (normal 

distribution), and median values are indicated with Q1 and Q3 quartiles 

(respectively, 25th and 75th percentile) between brackets (non-normal distribution). 

Homoscedasticity (Levene median test) and normality (Shapiro-Wilk test) were 

first verified to allow parametric analyses (analysis of variance, ANOVA; analysis of 



covariance, ANCOVA; unpaired t test). Alternatively, non-parametric methods were 

used (Mann-Whitney U test, ANOVA on ranks), and post hoc multiple pairwise 

comparisons were performed with Dunn’s method. Correlations were tested using 

Spearman test, multiple regression analysis and partial least square (PLS) 

regression in case of collinearity between variables (including quantitative and 

qualitative predictor factors); the latter included a principal component analysis 

(PCA). Influence of several factors were tested, including: i) subject groups 

(controls vs. ALS), ii) muscle groups (ECR vs. TB vs. TA vs. quadriceps), iii) muscle 

subgroups according to their level of action (upper vs. lower limbs), their 

functional role (flexors vs. extensors) and the gradient (distal vs. proximal), iv) 

experimental protocols (contraction vs. vibration), v) motor unit size, and vi) 

subject age. 

Chi2 analyses were performed to compare the data distribution: i) MRC scores in 

the different muscles (score = 5 vs. score ≤ 4), ii) number of subjects in each group 

without recruitment during the vibration protocol (controls vs. ALS), and iii) 

number of motor unit pairs with passive derecruitment in each subject group 

(controls vs. ALS; see above). Fisher exact test was used to compare the number of 

patients without clinical motor vs. those with similar muscles weakness in upper 

and lower limbs vs. those with more weakness in lower limbs or in upper limbs. 

Lastly, the relationship between ∆F-R and ∆F-D in the patient group was tested 

taking into account the patient phenotype characterised on clinical features 

including ALSFRS-r score, disease duration, progression rate, MRC score, UMN score 

and ALS form (predominant UMN/LMN/Both). We also tested the association with 

the duration of motor unit potentials and their activation threshold. 

For clarity, the statistical tests and the parameters included in each test are 

specifically indicated in Results. 

RESULTS 

Motor unit characteristics 

Insert Figure 2 near here 

The amplitude and duration of motor unit potentials were measured and 

Spearman correlation analysis revealed a significant positive relationship between 

both metrics (R = 0.09, P < 0.05; Fig. 2A). Then, one-way ANOVA on ranks was used 



to compare motor unit amplitude and duration between controls and patients with 

ALS. Figures 2AB show the data distribution in each group, for each investigated 

muscle. The difference between the median amplitudes was found significant (P < 

0.001) and post hoc analyses revealed significantly larger motor unit potentials in 

ALS, compared to controls, only in distal muscles (Dunn method, P < 0.001 in ECR 

and 0.05 in TA); the difference between the study groups was not significant in 

proximal muscles (P = 1 for TB and quadriceps; Fig. 2A; see also Fig. 1 showing 

larger quadriceps motor units in one patient in B, compared to one control in A). 

Differences in motor unit duration were also significant (one-way ANOVA on ranks, 

P < 0.001) and the post hoc analyses revealed that the motor unit potentials had a 

significantly longer duration in ALS, compared to controls, in all muscles (Dunn 

method, P < 0.001 for ECR, TB and quadriceps, and P < 0.05 for TA; Fig. 2B). 

While the motor unit potentials were similarly altered in all muscles (Fig. 2BC), 

especially in their duration, the clinical evaluation revealed that more patients in 

the group had altered MRC score in ECR (< 5; 36.4 %), compared to other muscles 

(TB 22.7 %, TA, 27.3 % and none in quadriceps; Chi2, P < 0.05; Table 1). 

Insert Figure 3 near here 

The recruitment thresholds of U1 and U2 were estimated using the mean surface 

EMG. Figure 3A illustrates the mean level of rectified surface EMG in controls and 

ALS, collected during MVC of each investigated muscles. Two-way ANOVA did not 

reveal any significant difference between the subject groups (controls vs. ALS; P = 

0.46) and no interaction between the 2 factors (subject groups x muscles; P = 

0.36), suggesting that the mean EMG levels during MVC were similar in controls and 

ALS, irrespective of the sampled muscle groups. Accordingly, the mean surface EMG 

during MVC was used to normalise the mean surface EMG during U1 and U2 

recruitment to compare their thresholds (% EMG during MVC). Tables 2 and 3 show 

that motor unit thresholds were higher in ALS compared to controls (one-way 

ANOVA on ranks, P < 0.001 for units collected in both contraction and vibration 

protocols; compare EMG activity in one control and one patient in Fig. 1AB); the 

results of post hoc analyses (Dunn method) for multiple pairwise comparisons are 

indicated by asterisks in the tables. 

Given that large motor unit potentials in patients likely contribute to a greater 



extent to the mean rectified surface EMG than in controls, this might interfere 

with the linear relationship between contraction force and EMG (Milner-Brown & 

Stein, 1975), especially at low level of tonic contraction. Therefore, we compared 

the relationship between the contraction force and the mean surface EMG in a 

subgroup of patients and controls, in ECR and TA. Figure 3B shows that the mean 

rectified surface EMG linearly increased with the contraction force in one control 

and one patient. A significant linear regression was found in all subjects (P < 0.001) 

with 0.6 < R2 < 0.9. However, Figure 3C shows that the mean slope was significantly 

greater in ALS compared to controls, in both muscles (unpaired t test, P < 0.05). 

This result indicates that for a similar force, the mean level of surface EMG was 

larger in ALS than in controls (also compare the Y-axis in the 2 individuals 

illustrated in Fig. 3B). 

Criteria allowing ∆F-D measurements to estimate PICs 

Several parameters have been first checked to allow the use of ∆F during 

derecruitment (∆F-D) to estimate PICs. Firstly, we ensured that the ramp 

conditions were comparable in controls and patients with ALS. During the 

contraction protocol, the subjects were asked to increase and maintain their 

contraction force to activate U2, and finally to relax progressively. Although the 

instructions and biofeedback were similar for both groups, we tested whether the 

ramp conditions were comparable. Firstly, we compared the duration of rise, 

plateau and decline of the mean rectified surface EMG during ramp contraction 

(Fig. 1A), and one-way ANOVA on ranks revealed no differences between groups, 

irrespective of the muscles tested (P > 0.2; Table 4). We also compared the 

velocities of the rising and relaxation phases, and multiple regression analyses 

revealed no significant influence of subject and muscle groups (subject groups: P = 

0.34 and 0.85 for rise and relaxation, respectively; muscle groups: P = 0.16 and 

0.65). This suggests that the speed of the contraction changes during the ramp 

were likely comparable in controls and ALS, irrespective of studied muscles (mean 

speed ± SD = 1.65 ± 1.90 % change/ms in controls vs. 1.36 ± 2.48 in ALS during rise 

and 0.72 ± 1.98 vs. 0.70 ± 1.61 during relaxation). These results confirm that the 

ramp characteristics were similar in controls and patients with ALS, and that the 

conditions for ∆F estimation and PICs activation were comparable between subject 

groups (Lee & Heckman, 1998; Revill & Fuglevand, 2011). 



Insert Table 4 near here 

Secondly, we checked whether U1 and U2 frequencies were correlated to ensure 

that both received a common synaptic drive to validate the use of U1 frequency 

changes during U2 recruitment (∆F), to estimate the synaptic drive to motoneuron 

pool and PICs (Gorassini et al., 2002a). The mean discharge frequencies of U1 and 

U2 for each pair were estimated and significant multiple regression analysis 

(adjusted R2 = 0.76, P < 0.001) revealed a positive relationship between both 

frequencies (slope = 0.77, P < 0.001), without any significant difference between 

subject groups (controls vs. ALS; slope = 0.10, P = 0.53) and protocols (contraction 

vs. vibration; slope = 0.02, P = 0.89). Accordingly, the scatter plots in Figures 4AB 

show similar linear regressions between U1 and U2 frequencies in controls and 

patients with ALS, whatever the protocol (contraction vs. vibration, respectively 

Figs. 4A and B). The multiple regression analysis also revealed a significant 

influence of the muscle groups (ECR vs. TB vs. TA vs. quadriceps; slope = 0.40, P < 

0.001). We therefore compared the ratio between U1 and U2 frequencies between 

muscle groups. Significant one way ANOVA on ranks (P < 0.001) allowed post hoc 

pairwise multiple comparisons (Dunn Method), and we found that U1 and U2 fired 

at a very similar rates in controls and ALS, irrespective of the muscle groups 

(median ratio between 1.1 and 1.2, taking into account all muscles). This result 

supports that the changes in U1 frequency can be used to evaluate the synaptic 

drive, common to U1 and U2, and to validate the estimation of ∆F (Gorassini et al., 

2002a). 

Insert Figure 4 near here 

Finally, we measured the time difference between the increase in U1 frequency 

and the activation of U2 (time recruitment), because it has been shown that 

maximal PICs’ activation (plateau) was reached when U2 occurred at least 2 sec. 

after U1 with the classical ∆F method (Udina et al., 2010). Furthermore, we 

assumed that PICs might not be maximally activated during the 10 sec. tonic 

contraction prior to the ramp, and they could gradually increase during the 

recruitment leading to greater force contraction (Heckman et al., 2008; Powers et 

al., 2008). Indeed, compared to the median ∆F-D observed with recruitment time > 

2 sec., we found lower ∆F-D in 80 % the motor unit pairs with time recruitment < 2 



sec. (3.15 [1.88-3.78] in controls and 2.60 [2.00-4.40] in ALS; compare with Figs. 

4AB). To our knowledge, no similar investigations were performed during vibration, 

and our data revealed that the activation of U2 was faster with vibration than 

during contraction. Therefore, we analysed all the unit pairs from the vibration 

protocol; not only those with time recruitment ≥ 2 sec., as for the contraction 

protocol. Significant multiple regression analysis (adjusted R2 = 0.24, P < 0.001) 

revealed no influence of group membership (controls vs. ALS; slope = 0.11, P = 

0.47) but significant influence of the experimental protocol (contraction vs. 

vibration; slope = -1,76, P < 0.001). This confirms that the time difference was 

significantly longer during the contraction protocol compared to the vibration 

protocol (Mann-Whitney U test, P < 0.001; Fig. 4D), but crucially there was no 

difference between subject groups. 

Insert Figure 5 near here 

Comparisons of ∆F-D 

Similarly to previous studies, we first compared the ∆F during the derecruitment 

of U2 (∆F-D) between motor unit groups (controls vs. ALS motor unit pairs), taking 

into account the muscle groups (ECR vs. TB vs. TA vs. quadriceps) and the protocols 

(contraction vs. vibration). The multiple linear regression was significant (adjusted 

R2 = 0.11, P < 0.001), revealing a significant influence of the motor unit groups 

(slope = -1.1, P < 0.001), and of the muscle groups (slope = 0.47, P < 0.001 for 

both), and no difference between protocols (slope = -0.27, P = 0.27). Figures 5AB 

show a trend of reduced ∆F-D in motor unit pairs collected in patients with ALS, 

compared to controls, which was particularly marked in ECR, TB and quadriceps, 

compared to TA. This trend was observed in both the contraction (Fig. 5A) and 

vibration protocols (Fig. 5B). However, multiple pairwise comparisons (Dunn 

method) performed after significant one way ANOVAs on ranks (P < 0.05), only 

revealed a significant difference between controls and ALS, in quadriceps during 

the contraction protocol (Fig. 5A). Similar analysis was performed taking into 

account each individual subject in both groups, instead of the unit pairs (the 

maximal ∆F-D was selected in each individual, for each muscle), and we observed 

the same results as at the level of motor unit pairs. While the median ∆F-D were 

lower in patients, compared to controls, no significant differences were identified 



in any muscle groups or protocols (Figs. 5CD; one way ANOVA on ranks, P < 0.001; 

multiple pairwise comparisons using Dunn’s method, P > 0.92). 

Insert Figure 6 near here 

Both in experimental models and humans, the motoneuron excitability can be 

different between flexors and extensors (Cotel et al., 2009; Wilson et al., 2015). 

Therefore, we further investigated the influence of muscle groups taking into 

account their functional role (flexors vs. extensors). Moreover, because patients 

could exhibit greater functional impairment in distal muscles, and more muscle 

weakness in the upper limbs, we also tested the effect of the muscle localisation 

(upper vs. lower limbs and proximal vs. distal muscles). The multiple regression 

analysis was significant (R2 = 0.11, P < 0.001), and we found again a significant 

difference between groups (controls vs. ALS; slope = -1,07, P < 0.001), and no 

differences between protocols (contraction vs. vibration; slope = -0.34, P = 0.18). 

Moreover, the regression analysis revealed no influence of the functional groups 

(flexors vs. extensors; slope = -0.19, P = 0.67) nor of the gradient (proximal vs. 

distal muscles; slope = 0.24, P = 0.48). The only significant differences were 

observed between upper and lower limbs (slope = 1.18, P < 0.001). Figure 6A shows 

the data distribution in each group of motor unit pairs (controls vs. ALS), in upper 

and lower limbs (data from both protocols were grouped). One way ANOVA on ranks 

was significant (P < 0.001), and post hoc multiple pairwise comparisons (Dunn 

method) revealed that ∆F-D were significantly reduced in ALS compared to 

controls, in both the upper (P < 0.05) and lower limbs (P < 0.01). We also identified 

smaller ∆F-D in lower limbs, compared to upper limbs, in both controls (P < 0.01) 

and ALS (P < 0.01). 

To sum up the ∆F-D results per se: i) ∆F-D was similar in both protocols while the 

time to activate U2 was < 2 sec. during vibration, and ii) ∆F-D was significantly 

lower in ALS only when evaluating upper limb (ECR + TB) and lower limb muscles 

(TA + quadriceps) together. 

Influence of recruitment conditions on ∆F-D 

The motor unit firing rate is used to estimate the synaptic drive to motoneurons 

in humans, due to its link with the synaptic activity and the influence of the 

synaptic noise (Segundo et al., 1963; Matthews, 1996; Wienecke et al., 2009). PICs 



also contribute to the motor unit firing rate by amplifying the motoneuron response 

to synaptic inputs. On the other hand, PICs are strongly modulated by monoamines 

(Heckman et al., 2008), and the total excitatory drive to motoneurons likely 

influences their level of activation. In line with this, it has been shown in 

decerebrated cat preparations that ∆F-D linearly increased with the rate 

modulation of U1 during recruitment (see Fig. 4B and legend of Powers et al., 

2008), which likely reflects the “graded synaptic activation of PICs” during motor 

unit recruitment, together with increase rate modulation of U1. Accordingly, we 

tested the influence of U1 frequency rate and its modulation during recruitment 

(∆F-R) on ∆F-D. 

In the pre-conditioning phase, the subjects performed a tonic contraction for 10 

s. with a steady U1 discharge (Figs. 1AB). The frequency of U1 during this tonic 

phase (f-U1 tonic) was compared between controls and ALS motor unit pairs, taking 

into account the muscle groups and the protocols. Significant one-way ANOVA on 

ranks (P < 0.001) allowed post-hoc multiple pairwise comparisons (Dunn method). 

Although the median frequencies were slower in ALS, compared to controls, the 

pairwise comparisons failed to reveal any significant differences between groups, 

irrespective of the investigated muscles and the protocols (P > 0.2; Tables 2 and 3). 

Subsequently, we investigated the relationship between f-U1 tonic and its increase 

during U2 recruitment (∆F-R), taking into account the subject and muscle groups, 

and the protocols. Multiple regression analysis (adjusted R2 = 0.02, P < 0.001) failed 

to reveal any significant link between f-U1 tonic and ∆F-R (slope = 0.05, P = 0.22), 

and any other potential effects (subject groups: slope = -0.46, P = 0.08; muscle 

groups: slope = 0.10, P = 0.42; protocols: slope = -0.46, P = 0.11). 

Furthermore, we investigated a possible link between ∆F-R and ∆F-D, taking into 

account the subject groups, the protocols, the size of motor units and the muscle 

groups according to their functional role, and their localisation (as performed when 

comparing ∆F-D alone). The multiple regression analysis was significant (adjusted 

R2 = 0.37, P < 0.001), revealing a significant increase of ∆F-D together with ∆F-R 

(slope = 0.39, P < 0.001), which was significantly different between subject groups 

(controls vs. ALS; slope = -0.44, P < 0.05). On the other hand, there was no 

significant influence of the experimental protocols (contraction vs. vibration; slope 

= -0.15, P = 0.50), nor of motor unit size (slope = 0.09, P = 0.40), nor of muscle 



functional role (flexors vs. extensors; slope = -0.26, P = 0.50) and gradient (distal 

vs. proximal; slope = 0.43, P = 0.14). Regarding the influence of muscle groups, we 

found a significant influence only when taking into account their level of action 

(upper vs. lower limbs: slope = 0.75, P < 0.01). Figures 6BC show that ∆F-D 

increased with ∆F-R in both subjects groups, at both upper and lower limb levels. 

However, for similar ∆F-R, the ∆F-D were smaller in ALS compared to controls, 

especially at low-to-medium levels of ∆F-R: < 8 Hz in upper limbs and < 6 Hz in 

lower limbs. Furthermore, in controls, for similar ∆F-R, ∆F-D were smaller in the 

lower limbs than in upper limbs. A similar difference was observed in ALS for low 

level of ∆F-R (< 6Hz), but to a smaller extent than in controls. 

We also tested the effect of smoothed U1 rate modulation on ∆F-D, as in Powers 

et al., 2008 (∆F-R/time of increase), and we found the same results. 

Finally, we investigated if the relationship between ∆F-R and ∆F-D changed with 

age. ANCOVA further confirmed the influence of ∆F-R on ∆F-D (P < 0.001) and the 

difference between subjects groups (interaction ∆F-R x subject groups, P < 0.001). 

The analysis did not reveal any significant age effect on ∆F-D (age factor alone P = 

0.92; interaction age x subject groups, P = 0.99). 

These results further confirm that ∆F-D were significantly smaller in patients 

with ALS, compared to controls, irrespective of age. This was particular true for 

low-to-medium increases (< 6-8 Hz) of U1 frequency necessary to activate U2 (∆F-

R). Furthermore, our analyses indicate that the ∆F-D reductions in ALS were more 

marked in the upper limbs up to 8-Hz ∆F-R, than in the lower limbs in which the 

∆F-D reduction was observed up to 6-Hz ∆F-R (i.e. at a lower level than in the 

upper limbs). 

Correlations with clinical measures 

Given the limited number of patients with familial ALS, we did not perform any 

statistical analysis in this cohort (P7 and P22; Table 1). However, the median value 

of ∆F-D in the lower limbs of these 2 patients corresponded to the median value 

observed in the entire group (2.5 [1.7-4.1]) while the median ∆F-D in the upper 

limbs was among the 30 % largest ∆F-D observed in the group (4.7 [3.5-5.7]; 

compare with box plots in Fig. 6A). Interestingly, 1 of these 2 patients (P7) was 

more disabled in the lower limbs than in the upper limbs (Table 1). In the entire 

group of patients, we found 9 patients with normal MRC score (= 5) in the 4 



investigated muscles, 1 with comparable disability in the upper and lower limbs (-2 

points in total MRC for both upper and lower limbs), 3 with motor deficits 

restricted to the lower limbs, and 9 with upper limb impairment only (Fischer exact 

test, P < 0.05). This result indicates that we investigated more patients without 

clinical deficit in the 4 investigated muscles or with upper limb motor deficit, 

which might explain why we observed more altered ∆F-R/∆F-D relationship in the 

upper limbs compared to the lower limbs (Fig. 6BC). One way ANCOVA was 

performed to further investigate this possibility. While the degree and level (upper 

vs. lower limbs) of motor disability (according to MRC scores) had no significant 

influence on ∆F-D per se (weak upper limb vs. weak lower limb vs. equally weak vs. 

normal; P = 0.66), we found a significant interaction between the distribution of 

muscle weakness and ∆F-R on ∆F-D (P < 0.05). This finding further supports that the 

∆F-R/∆F-D relationship changed significantly according to the level of motor 

deficit. 

Insert Figure 7 near here 

PCA and PLS-regression analyses were undertaken to further investigate the 

possible link between clinical phenotype and ∆F-D, taking ∆F-R into account. The 

load plot in Figure 7 represents the impact of ∆F-D, ∆F-R and the most commonly 

used clinical parameters in ALS, on excitability (t1) and phenotype (t2). The best 

predictors for excitability (parameters with the strongest absolute coefficient 

contributing to t1 component) includes ∆F-D, ∆F-R, ALSFRS-r and progression rate. 

PLS-regression analysis was undertaken to investigate the influence of each 

parameter on ∆F-D, and a significant link was identified between ∆F-D (dependent 

variable in blue) and ∆F-R, ALSFRS-r and progression rate (significant predictors in 

red; P < 0.05). Conversely, we did not find any significant link with MRC score 

(likely due to score at 5 in most unit pairs), with UMN score (combined score for 

pyramidal syndrome, hyperreflexia and spasticity), disease duration and the ALS 

motor phenotype (predominant UMN/LMN/both). The results of PLS-regression 

further confirm the considerable influence of ∆F-R on ∆F-D. Furthermore, this 

analysis indicates that ∆F-D decreases with ALSFRS-r, suggesting that motoneuron 

excitability decreases with functional loss. Moreover, the negative coefficient for 

progression rate indicates that ∆F-D is greater in patients with slow progression 



rates, compared to those with faster progression, which suggests that motoneuron 

excitability is more depressed in fast progressors. 

Lastly, we investigated the possible link between the ∆F-R/∆F-D interaction and 

motor unit characteristics (amplitude, duration and threshold). The multiple 

regression analysis was significant (adjusted R2 = 0.49, P < 0.001) and revealed a 

significant positive correlation between ∆F-D and ∆F-R (slope = 0.55, P < 0.001). 

This analysis also revealed that the amplitude (slope = -0.03; P = 0.82) and 

threshold (slope = -0.01; P = 0.71) had no significant effect on ∆F-D, while duration 

significantly increased with ∆F-D decline (slope = -0.08; P < 0.001). This result 

indicates that smaller ∆F-D accompanied longer duration motor unit potential, 

which is a sign of peripheral denervation. We found no link with amplitude and 

activation threshold, which is consistent with EMG amplitudes as well. 

DISCUSSION 

While similar levels of EMG activity were recorded during MVC in controls and 

ALS, the characteristics of the first motor units activated during contraction, 

including U1 and U2,  were different in ALS: i) the peak-to-peak amplitude of 

motor unit potentials was larger, especially in the most affected muscles in the 

group (ECR, TA), ii) their duration was significantly increased irrespective of the 

muscle groups assessed, and iii) the unit thresholds (% EMG at MVC) were 

significantly higher. The novel finding of this study is the alteration of U1 frequency 

modulation during voluntary (contraction protocol) or reflex-induced contractions 

(vibration protocol), and active relaxation. Irrespective of the recruitment mode, 

the increase in U1 frequency during recruitment (∆F-R) was similar between 

subject groups. On the other hand, the decrease in U1 frequency during relaxation 

(∆F-D) was smaller in patients than in controls, especially for ∆F-R < 6-8 Hz. Finally, 

∆F-D was found more depressed in the upper limbs, matching the muscle weakness 

profile of the patient group, and smaller in patients with more functional disability 

(ALSFRS-r), more rapid disease progression rate, and with longer duration of motor 

unit potential. These results suggest that the motoneuron ability for self-sustained 

discharge are reduced in patients with ALS, which indicates that motoneurons 

become hypoexcitable with disease progression. 



EMG and motor unit characteristics in ALS 

Numerous previous studies have sought to identify specific and sensitive metrics 

to track motoneuron pathophysiology and degeneration in ALS (de Carvalho & 

Swash, 2016). It is well established that the motor unit amplitude is increased in 

ALS as well as the duration, and the latter is particularly sensitive (de Carvalho et 

al., 2014). In the present study, the investigated muscles were not or only mildly 

affected, and the mean surface EMG during MVC was comparable in controls and 

ALS. However, the motor unit potentials and their duration in particular, were 

modified which further confirms that the duration of motor unit potential is very 

sensitive to early neuromuscular alterations in ALS. Changes in motor unit 

characteristics have been attributed to early reinnervation by slow motor units. 

These units exhibit axon sprouting abilities that likely contribute to their resilience 

to degeneration, compared to fast fatigable motor units that are very sensitive to 

denervation and degeneration in ALS (Frey et al., 2000; Schaefer et al., 2005; Pun 

et al., 2006; De Winter et al., 2006; Hegedus et al., 2007). 

Given the linear relationship between the contraction force and the EMG activity 

(Milner-Brown & Stein, 1975), the mean level of surface EMG (% mean EMG at MVC) 

was used to estimate the level of motor unit recruitment (threshold), as we 

performed in a previous study (Marchand-Pauvert et al., 2000). In patients with 

ALS, the relationship between force and EMG was found similar to controls, and the 

slope of the linear fit only tended to be smaller in patients (Jahanmiri-Nezhad et 

al., 2014). Here, we found a significantly steeper slope in patients. The 

discrepancy with the previous study (Jahanmiri-Nezhad et al., 2014) likely stems 

from the fact that the sampled muscles in our study were less affected. Jahanmiri-

Nezhad et al. studied hand muscles, and the EMG activity during MVC was smaller 

in patients than in controls. Here, we studied more proximal muscles with mild or 

no over weakness, and EMG during MVC was comparable in the 2 groups. Our result 

indicates that for a similar force level in controls, an higher EMG level was 

developed in patients. Furthermore, while the tonic contraction was very weak (as 

reported by both controls and patients during the experiments) and a comparable 

intramuscular EMG profile in both groups (not more than 3-5 motor units to allow a 

reliable EMG decomposition), a greater mean surface EMG activity was developed 

in patients than in controls. The large potentials of resilient low-threshold motor 



units in ALS have contributed to the mean level of rectified surface EMG activity, to 

a greater extent than in controls. The difference between groups is more marked 

during a weak tonic contraction, compared to MVC, because the large motor unit 

potentials due to high threshold motor units are not activated in controls at low 

levels of contraction force. Therefore, the estimation of motor unit threshold 

based on EMG was biased in ALS, due to the peripheral reinnervation. Given the 

similitude of intramuscular EMG profiles obtained during comparable effort in both 

groups and the changes in the relationship between EMG and contraction force in 

ALS, we assume that the contraction forces during protocols were likely within the 

same range in controls and patients. However, in future studies using this protocol, 

we strongly advise to combine systematically surface and intramuscular EMG 

recordings together with quantitative force quotation, especially in patients with 

supposed denervation like in ALS. Our results also suggest that fewer motor units 

likely participated in EMG activity during MVC in ALS than in controls. Alternatively, 

different electro-mechanical coupling may also explain a greater force produced at 

similar EMG levels in ALS compared to controls. Indeed, stronger force contraction 

associated to large motor unit potentials have been reported in some patients but 

the reverse too, without any clear clinical explanations (Schmied et al., 1999). 

All these results support that combined force, surface EMG and motor unit 

analyses are required for a reliable and comprehensive characterisation of the 

neuromuscular functions in ALS (de Carvalho & Swash, 2016). These functions were 

likely altered in the 4 muscles we tested in our group of patients, despite most of 

them appearing clinically normal. Furthermore, our results confirm that the slope 

of linear regression between contraction force and surface EMG is likely a very 

sensitive measure of muscle reinnervation and support its putative role as a 

biomarker of motoneuron degeneration (Jahanmiri-Nezhad et al., 2014). 

Changes in unit discharge frequency during recruitment and derecruitment in 
ALS 

On average, the U1 firing rate during the weak tonic contraction (f-U1 tonic) was 

not significantly different from controls. However, there was a trend to slower 

firing rate in ALS, as reported in a previous study (de Carvalho et al., 2012). The 

absence of differences between the subject groups can be attributed to the great 

overlap in unit frequencies in patients and controls (Tables 2 & 3). Our results 



further confirm that the interest of motor unit firing rate during tonic contraction 

to assess spinal motoneuron affection in ALS is limited (Vucic, 2012). 

Irrespective of its firing rate during the weak tonic contraction (f-U1), the 

increase in U1 frequency during U2 recruitment (∆F-R) was within the same range 

in controls and patients in all investigated muscles during both protocols. This 

result suggests that the level of motoneuron activity during the tonic phase, at 

least within this range, had no influence on the response of low-threshold 

motoneurons to increased synaptic drive, whatever it origin. Indeed, the synaptic 

inputs for motor unit recruitment during the contraction protocol was mainly due 

to increased descending inflow and, to some extent, to increased muscle spindle 

afferent inputs (Vallbo, 1970; Burke et al., 1978). During tendon vibration, the 

increased in synaptic drive to motoneuron pool was mainly of peripheral origin, 

mostly mediated by muscle spindle afferents (Macefield, 2005). However, it is well 

established that during tendon vibration, increased voluntary contraction can occur 

and, while this was monitored during recording (see vibration protocol in Methods), 

we cannot rule out the possible contribution of descending inputs during vibration. 

According to the Henneman’s size principle (Henneman & Mendell, 1981), those 

inputs are equally distributed to motoneuron pool, especially during voluntary tonic 

contraction (Nielsen et al., 1999). Our results suggest that there is likely no 

disruption of the size principle of motoneuron recruitment in ALS, as reported in 

animal models of reinnervation (Cope & Clark, 1993; Gordon et al., 2004). 

The variant of the ∆F method we developed for this study revealed that 

decreased U1 frequency during U2 derecruitment (∆F-D, only named ∆F in previous 

studies) correlates to ∆F-R. It has been shown that ∆F-D mostly depends on PICs, 

and can be used as an estimate of their activation by excitatory synaptic inputs 

(Heckmann et al., 2005; Powers & Heckman, 2015, 2017). However, given the 

relationship between synaptic inputs to motoneurons, PICs’ activation and the 

motor unit firing (Segundo et al., 1963; Matthews, 1996; Wienecke et al., 2009; 

Powers et al., 2012; Powers & Heckman, 2015, 2017), a correlation between ∆F-R 

and ∆F-D would be expected. This hypothesis has been explored in cat 

motoneurons and a significant linear relationship has been reported between the 

increase of U1 frequency during recruitment and ∆F-D. “Because both firing rate 

and PIC activation are potentially modulated by the net excitatory synaptic input, 



this correlation might reflect graded synaptic activation of PIC. In other words, 

when a motoneuron is first recruited at a given level of excitatory synaptic input, 

the channels contributing to the total PIC are not maximally activated—further 

increases in net excitatory input are needed to fully activate the 

channels” (Powers et al., 2008). To our knowledge, this is the first time that the 

interaction between ∆F-R and ∆F-D was investigated when studying paired motor 

units in humans. Moreover, our study highlights the interest of studying U1 

frequency during tonic contraction and its increase during recruitment to provide 

reliable comparisons of ∆F-D. Indeed, comparing ∆F-D per se failed to reveal any 

significant differences between controls and patients; we only identified a trend to 

reduced ∆F-D in ALS. Comparing the relationship between ∆F-R and ∆F-D in both 

groups revealed lower ∆F-D in patients than in controls, especially for ∆F-R < 6-8 

Hz, i.e. for low-to-medium level of U1 increase firing rate reflecting the increase 

in synaptic drive. This result suggests that descending and peripheral inputs were 

likely to be more efficient to elicit PICs and self-sustained motoneuron discharge in 

controls than in ALS patients. This was particularly true at low-to-medium level of 

synaptic drive; the difference between study groups becoming less significant at 

higher levels (greater ∆F-R). It is interesting to note here that the maximal level of 

∆F-R for altered ∆F-D was higher in the upper limbs (< 8 Hz) than in the lower limbs 

(< 6 Hz). This suggests that the depressed efficacy of synaptic drive was more 

marked in the upper limbs, which matches the distribution of muscle weakness 

within the patient groups (more patients with muscle weakness in ECR + TB, 

compared to TA + quadriceps). In turn, this suggests that the alteration between of 

∆F-R/∆F-D relationship is likely to increase with muscle weakness. 

Experimental considerations 

A previous simulation study has shown that ∆F-D were larger during slow speed 

ramps (rise and decline phases of the ramp) and when the plateau lasted longer 

(Revill & Fuglevand, 2011). To our knowledge, fast ramps without plateau (triangle 

contraction) were mainly used in human experiments (Gorassini et al., 1998, 

2002a, 2002b, 2004; Mottram et al., 2009; Udina et al., 2010; Vandenberk & 

Kalmar, 2014; Wilson et al., 2015). However, in a paper comparing the effect of 

repetitive contractions on ∆F-D, the profile of motor unit firing during short (1 s.) 

and longer lasting contractions (20 s.) looked quite similar (Gorassini et al., 2002b; 



their Fig. 4). Monitored triangle contractions have been mostly used for ∆F-D 

assessment and PIC estimation in humans, to match the experimental protocols 

developed in animal models for studying motoneuron bistability, and because it has 

been established in cat motoneurons that the rate of change of triangular injected 

current influences the PIC activation, particularly in partially bistable motoneurons 

(high threshold motoneurons); the effect is lower in low-threshold fully bistable 

ones. Moreover, in the latter, the speed of voltage change influence PICs especially 

during the ascending/activation phase, compared to the descending/releasing 

phase during which the difference in PIC activation during slow and fast speeds was 

low (Lee & Heckman, 1998). Our study focused particularly on low threshold 

motoneurons that are likely fully bistable and so, likely less sensitive to the speed 

of contraction change during the ramp, especially during relaxation. The 

instructions and biofeedback to subjects (similar in both groups) were based on the 

intramuscular profile and its usability for reliable spike sorting. We did not impose 

and monitor the rate of contraction change during the experimental session like in 

the classical ∆F method, to ensure the feasibility in most of ALS patients 

investigated. However, the off line analysis did not reveal any significant difference 

between the velocity estimation of rise and relaxation phases of ramp contraction 

between groups, irrespective of muscle groups.  

Accordingly, we assume that the conditionings were comparable between 

groups, and could not explain the smaller ∆F-D we observed in ALS. Furthermore, 

we found ∆F-D within a similar range than in previous studies (Gorassini et al., 

1998, 2002a, 2002b, 2004; Mottram et al., 2009; Vandenberk & Kalmar, 2014; 

Wilson et al., 2015), irrespective of the protocol, which indicates that the 

methodological variant we developed for the present study was as efficient as the 

classical method of paired motor unit recordings (using triangle contractions). The 

limitation of the classical ∆F method in patients with neurological disorders has 

been previously raised (Powers et al., 2008), and we only found one study in stroke 

patients (Mottram et al., 2009). When its implementation is possible, the classical 

∆F method is of real importance to evaluate motoneuron excitability since it 

mimics the experimental conditions in animal models. The protocol we developed 

was easier to perform in patients with ALS, but it is important to monitor online 

the contraction force and the velocities of contraction changes during ramp in 



future studies, to ensure a reliable interindividual comparison. 

Pathophysiological interpretations 

Clinically, pyramidal signs are observed in about 75 % ALS cases, including 

spasticity (~ 20 % cases), Babinski signs (~ 50 % cases) and hyperreflexia (70 % 

cases). These signs tend to remain unchanged over time, although they seem to 

appear at later stages or even disappear over time in some patients (Álvarez et al., 

2018). In our group of patients, at the time of the electrophysiological 

examination, 77 % exhibited frank pyramidal signs (predominant UMN and balanced 

UMN/LMN forms; Table 1), with spasticity in 27 %, Babinski or Hoffman signs in 35 

%, and frank hyperreflexia in 73 % cases, i.e. quite similar to the cohort presented 

by Álvarez et al. 2018. This indicates that our population was representative of a 

classic ALS population in which hyperreflexia is a common clinical feature. 

The smaller ∆F-D observed in patients, irrespective of the protocol (contraction 

and vibration) when taking into account the ∆F-R, suggest that the motoneuron 

capacities to repetitive discharge were depressed compared to controls, 

irrespective of age. It has been previously shown that ∆F-D depends on PICs’ 

activation that enhances motoneuron response to synaptic inputs and induces self-

sustained motoneuron discharge (Gorassini et al., 1998; Bennett et al., 2001; 

Heckmann et al., 2005; Powers & Heckman, 2015, 2017). Monoaminergic centres in 

the brainstem are known to activate the sodium and calcium channels inducing 

PICs (Heckman et al., 2008). In line with this, ∆F-D measurements in humans have 

been shown to be sensitive to monoamines, especially serotonin (D’Amico et al., 

2013). In ALS, the brainstem serotoninergic neurones are affected (Dupuis et al., 

2010; Dentel et al., 2013), which may have repercussion on PICs’ activation and the 

neuromodulation of motoneuron discharge. Spinal cord injury (SCI) studies indicate 

that motoneuron excitability recover at the chronic stage with the possibility to 

reactivate PICs by sensory inputs. PICs have been found particularly enhanced in 

SCI animal models, and the greater reflex responses in SCI patients suggest similar 

modifications in humans. Therefore, it has been proposed that PICs likely 

contribute to hyperreflexia, muscles spasms and spasticity in SCI patients (Bennett 

et al., 2004; Gorassini et al., 2004). ∆F-D have only been studied in stroke patients 

(Mottram et al., 2009) and, despite the enhanced tonic vibration reflex suggesting 

larger PICs (McPherson et al., 2008), ∆F-D per se were unchanged on the paretic 



spastic side. Given the resembling clinical symptoms suggesting spinal 

hyperexcitability, it has been proposed that the intrinsic motoneuron excitability 

might be similarly enhanced in ALS (ElBasiouny et al., 2010). Instead, our results 

indicate that different pathophysiological mechanisms occur in ALS, and the 

comparison with other pathologies with pyramidal syndrome is not justified. 

Indeed, if changes in the descending drive, including monoaminergic inputs, would 

be the main mechanism underlying the change in spinal excitability in ALS, we 

should have observed similar modifications (regarding the vibration-induced reflex 

responses and ∆F-D) as those reported after SCI or stroke, which was not the case. 

Therefore, we assume that the reduction of ∆F-D in ALS is unlikely to driven by 

altered descending inputs alone. On the other hand, PICs are also strongly 

controlled by post-synaptic inhibition (Johnson & Heckman, 2010; Revill & 

Fuglevand, 2011; Powers & Heckman, 2017). Cortical hyperexcitability, which is an 

early feature of ALS (Vucic et al., 2013), is characterized by the imbalance 

between inhibition and excitation with enhanced facilitation to a greater 

proportion than depressed inhibition (Van den Bos et al., 2018). Much less is known 

about spinal excitability. To our knowledge, only recurrent inhibition has been 

explored at spinal level, and was found reduced in patients (Raynor & Shefner, 

1994). Therefore, it appears that post-synaptic inhibitions are likely to be reduced 

in ALS, which would have the opposite effect on ∆F-D as those we report. As a 

consequence, we propose that the reduction of ∆F-D in patients is likely related to 

depressed intrinsic excitability of spinal motoneurons, as reported in animal 

models (Delestrée et al., 2014; Martínez-Silva et al., 2018). 

Comparing the ramps we used and the results of the simulation study by Revill & 

Fuglevand (2011), it seems that ∆F-D mainly depended on PICs in our experimental 

conditions, with a small contribution of spike-threshold accommodation and spike-

frequency adaptation. Therefore, our results suggest that PICs may be reduced in 

patients since ∆F-D were smaller. However, ALS mouse models have revealed larger 

PICs (Meehan et al., 2010; Quinlan et al., 2011), but it seems that experimental 

conditions, development stage and type of motoneurons strongly influence the 

results (ElBasiouny et al., 2010; Delestrée et al., 2014; Leroy et al., 2014; 

Martínez-Silva et al., 2018). In our experiments, it is possible that larger PICs 

compensated for a reduced descending and peripheral inputs (Iglesias et al., 2015; 



Vaughan et al., 2015; Sangari et al., 2016). As the estimation of PICs based on ∆F-D 

is indirect, it is difficult to establish the underlying mechanisms and their 

modifications in ALS but our results indicate that the motoneuron self-sustained 

discharge was lower in patients. Alternatively, the extent to which AHP contributes 

to ∆F-D has been discussed (Pierrot-Deseilligny & Burke, 2012). It has been shown 

that AHP was shortened in ALS patients with mild motor dysfunctions and then 

increased with motor deficits (Piotrkiewicz & Hausmanowa-Petrusewicz, 2011). In 

line with this observation, the present study has shown a significant link between 

∆F-D depression and functional loss, progression rate, motor unit duration and 

muscle weakness, suggesting that motoneurons likely become hypoexcitable as the 

disease progresses. However, it has been shown that synaptic noise and PICs mostly 

contribute to firing rate of low-threshold motoneurons (Wienecke et al., 2009). 

It has been demonstrated in ALS mice models, right before peripheral 

denervation, that low-threshold motoneurons are normoexcitable, and the higher-

threshold motoneurons, hypoexcitable (Martínez-Silva et al., 2018). Here, we did 

not find any significant influence of the unit threshold on ∆F-D. However, the 

threshold was estimated with the mean surface EMG, which was confounded by 

peripheral denervation. We assume that our results were restricted to the low-

threshold motoneurons in both groups, due to the limitation of the methodology 

(weak EMG activity for reliable spike sorting), i.e. the motoneurons which resist to 

ALS, at least at the time of the investigation. Nonetheless, our patients were 

symptomatic, with signs of peripheral denervation in the investigated muscles 

despite a normal strength on clinical evaluation in most cases. Thus, there is a 

possibility that a given portion of the high-threshold motoneuron pool had already 

died at the time of investigation and that the low-threshold motoneurons, which 

persist longer, were partly altered. Accordingly, within the resilient motoneuron 

pool in symptomatic ALS patients, we detected normo- and hypoexcitability, as 

reported in the presymptomatic models, including resilient motoneurons and those 

about to die. Thus, we propose that hypoexcitability likely precedes motoneuron 

degeneration in the human sporadic form, as reported in experimental models, but 

this hypothesis must be confirmed by longitudinal study, in sporadic forms and in 

asymptomatic carriers of ALS-causing genetic mutations. 

The main finding of this study is that motoneurons in ALS patients exhibited 



unaltered responses to increased synaptic drive, but their ability to generate 

repetitive discharges is lower, whatever the origin of the inputs (descending 

inflow/peripheral afferents). Our patients were all treated with riluzole, which 

may have reduced the motoneuron firing due to its inhibitory actions on 

glutamatergic transmission and sodium currents. However, ∆F-D was particularly 

altered for ∆F-R < 6-8 Hz and correlated to disease progression rate and functional 

loss. This suggests that hypoexcitability only manifested in the most affected 

motoneurons despite the effect riluzole. In addition, it has been shown that 

riluzole has only a transient effect on brain and peripheral excitability (8 first 

weeks; (Geevasinga et al., 2016). However, we thought it is necessary to 

investigate the effect of riluzole using the ∆F method as a biomarker of 

motoneuron excitability. 

Conclusions 

The present study did not reveal any evidence for motoneuron hyperexcitability 

in human sporadic forms of ALS. The results indicate that surviving low-threshold 

motoneurons are within a range of normo- to hypoexcitability. Moreover, we found 

that motoneuron hypoexcitability accompanies peripheral denervation, muscle 

weakness, functional loss, and particularly manifests in patients with rapid 

progression. These results suggest that motoneuron hypoexcitability likely develop 

progressively during the course of the disease, and this hypothesis should be 

further investigated with longitudinal studies, including asymptomatic carriers of 

ALS-causing mutations. The findings of this in vivo human study are consistent with 

animal models and in vitro studies on human iPSC-derived motoneurons, which also 

revealed motoneuron hypoexcitability in genetic forms of ALS. This notion has been 

previously regarded as contentious, especially because familial forms of ALS 

constitute a small proportion of clinical cases and because clinical symptoms 

seemingly support hyperexcitability (hyperreflexia). Our study confirms 

motoneuron hypoexcitability and paves the way for further dedicated studies on 

experimental models, to elucidate the origin of subcellular substrate of 

motoneuron hypoexcitability, in order to develop novel therapeutic strategies that 

could be evaluated in human patients using our methodological variant of paired 

motor unit recordings. In addition, this study highlights the discrepancy between 

motoneuron excitability changes, reflex responses studied experimentally (Nardone 



et al., 2001; Christensen et al., 2003; Simon et al., 2015), and clinical 

hyperreflexia in ALS. We propose that hyperexcitability classically described in ALS 

is not related to increased intrinsic excitability of spinal motoneurons but is likely 

to represent adaptive processes that compensate for motoneuron hypoexcitability, 

likely involving spinal interneurons that regulate motoneuron excitability (extrinsic 

excitability). Future studies of spinal pathways, involving interneurons, are 

therefore of great interest to elucidate the link between the neural network 

controlling motoneuron excitability and their degeneration. 
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TABLES 

Table 1. Clinical features of the patient group 

Patient number with * indicating familial forms; Duration, time from first symptom 
(months); ALSFRS-r, score to the revised ALS Functional Rating Scale (48 = normal); 
Progression (loss of points/month) = (48 – ALSFRS-r score) / duration (months); UMN 
score for upper limb (UL) and lower limb (LL) taking into account the spasticity 

UMN score MRC score

Duratio
n

ALSFRS
-r

Progressi
on

UL LL Form ECR TB TA Quad

P1 16 45 0.19 0 0 LMN 5 5 5 5

P2 19 42 0.32 0 1 both 5 5 5 5

P3 34 36 0.35 0 4 both 5 5 5 5

P4 24 41 0.29 0 0 LMN 5 5 1 5

P5 25 44 0.16 4 0 both 4 5 5 5

P6 23 36 0.52 0 2 both 5 4 5 5

P7* 30 40 0.27 0 0 LMN 5 5 1 5

P8 19 42 0.32 5 6 UMN 5 5 5 5

P9 14 40 0.57 0 5 both 3 5 4 5

P10 13 47 0.08 4 4 UMN 5 5 5 5

P11 19 40 0.42 0 4 both 5 5 5 5

P12 7 47 0.14 0 0 LMN 5 5 3 5

P13 59 34 0.24 0 5 both 3 4 5 5

P14 13 29 1.46 6 6 UMN 4 5 5 5

P15 14 33 1.07 4 2 UMN 3 4 5 5

P16 22 38 0.45 5 4 UMN 3 4 5 5

P17 33 39 0.27 0 0 LMN 5 5 5 5

P18 14 24 1.71 0 3 both 4 5 5 5

P19 11 34 1.27 4 5 UMN 4 4 3 5

P20 48 43 0.10 4 4 UMN 5 5 5 5

P21 14 38 0.71 0 3 both 5 5 4 5

P22* 12 42 0.50 0 0 LMN 5 5 5 5



(modified Ashworth scale), clonus, tendon jerk and Babinksi or Hoffmann responses 
(maximum score = 6, increasing with upper motoneuron defect); Form: 
predominant affection of upper motoneurons (UMN) or of lower motoneurons (LMN) 
or balanced UM/LMN form (both); MRC, score of muscle strength evaluated by 
muscle manual testing (from 0 = no force to 5 = normal force) in ECR, TB, TA and 
Quad (quadriceps).  



Table 2: Characteristics of motor unit pairs collected during the contraction 
protocol 

Number of motor unit pairs and of subjects between brackets; U1 threshold, level 
of mean rectified surface EMG (% mean EMG at MVC) when the low threshold 
control unit U1 appeared in intramuscular EMG; U2 threshold, level of mean 
rectified surface EMG (% mean EMG at MVC) when the higher threshold test unit U2 
appeared in intramuscular EMG during the increase of contraction force level; f-U1 
tonic, discharge rate of U1 (Hz) in intramuscular EMG during the tonic phase, 
before the increase of force contraction level to recruit U2; f-U1 recruitment, 
discharge rate of U1 (Hz) in intramuscular EMG when U2 was recruited during the 
increase of force contraction; f-U1 derecruitment, discharge rate of U1 (Hz) when 
U2 disappeared from intramuscular EMG during the relaxation phase. In each cell: 
the first row indicates the median values and the second row, the first (Q1) and the 
third (Q3) quartiles between brackets. ANOVA on ranks and Dunn pairwise 
comparisons were used to compare the U1 and U2 thresholds between groups: * P < 
0.05, ** P < 0.01, *** P < 0.001.  

ECR TB TA Quadriceps

Contr
ols

ALS Contr
ols

ALS Contr
ols

ALS Contr
ols

ALS

Number 30 
(25)

24 
(18)

38 
(24)

26 
(18)

44 
(28)

31 
(19)

35 
(25)

37 
(21)

U1 threshold 1.2 
(0.3-2.6)

7.1*** 
(2.4-14.

1)

4.8 
(1.1-8.2)

9.6 
(2.5-17.

8)

2.7 
(1.1-5.0)

8.8** 
(4.3-14.

5)

1.3 
(0.6-10.

0)

7.0 
(2.9-11.

5)

U2 threshold 4.0 
(1.8-6.8)

20.2*** 
(9.5-62.

6)

12.8 
(5.3-21.

7)

24.0 
(15.0-44

.8)

8.8 
(4.7-15.

6)

25.2*** 
(15.2-39

.0)

7.5 
(2.8-21.

6)

23.4* 
(9.7-32.

3)

f-U1 tonic 8.2 
(5.5-11.

5)

7.7 
(4.7-10.

3)

9.7 
(6.1-11.

3)

6.2 
(4.7-10.

0)

6.8 
(4.1-8.1)

3.9 
(3.2-7.8)

6.8 
(4.8-9.1)

4.7 
(3.9-7.3)

f-U1 
recruitment

11.8 
(9.5-14.

9)

11.5 
(8.1-15.

1)

13.2 
(9.4-17.

6)

9.7 
(8.0-15.

4)

10.0 
(7.0-12.

1)

7.3 
(4.4-11.

6)

10.3 
(7.1-12.

5)

6.7 
(5.6-10.

4)

f-U1 
derecruitment

6.4 
(5.3-9.9)

7.6 
(6.0 

-10.4)

7.5 
(5.2-9.3)

6.7 
(4.7-9.2)

6.8 
(4.7-8.4)

4.3 
(3.2-6.2)

5.8 
(3.8-7.5)

4.7 
(3.6-6.4)



Table 3: Characteristics of motor unit pairs collected during the vibration 
protocol 

Number of motor unit pairs and of subjects between brackets; U1 threshold, level 
of mean rectified surface EMG (% mean EMG at MVC) when the low threshold 
control unit U1 appeared in intramuscular EMG; U2 threshold, level of mean 
rectified surface EMG (% mean EMG at MVC) when the higher threshold test unit U2 
appeared in intramuscular EMG during the tendon vibration; f-U1 tonic, discharge 
rate of U1 (Hz) in intramuscular EMG during the tonic phase, before the tendon 
vibration; f-U1 recruitment, discharge rate of U1 (Hz) in intramuscular EMG when 
U2 was recruited by the tendon vibration; f-U1 derecruitment, discharge rate of U1 
(Hz) when U2 disappeared from intramuscular EMG during the relaxation phase. In 
each cell: the first row indicates the median values and second row, the first (Q1) 
and the third (Q3) quartiles between brackets. ANOVA on ranks and Dunn pairwise 
comparisons were used to compare the U1 and U2 thresholds between groups: ** P < 
0.01. 

ECR TB TA Quadriceps

Contr
ols

ALS Contr
ols

ALS Contr
ols

ALS Contr
ols

ALS

Number 24 
(20)

15 
(10)

22 
(16)

10 (8) 28 
(20)

25 
(15)

19 
(14)

11 (7)

U1 threshold 1.0 
(0.4-2.1)

3.4 
(2.2-5.2

2.5 
(1.4-11.

0)

2.6 
(1.4-13.

5)

3.0 
(1.6-4.4)

6.9 
(4.9-12.

6)

1.9 
(0.3-4.9)

20.3 
(3.1-21.

1)

U2 threshold 3.2 
(1.8-5.9)

11.0** 
(8.2-24.

0)

10.1 
(5.6-22.

6)

19.2 
(6.8-33.

2)

9.2 
(5.0-12.

8)

17.0 
(9.5-33.

2)

5.7 
(3.1-8.2)

24.9 
(7.3-35.

9)

f-U1 tonic 8.0 
(7.0-10.

4)

9.0 
(5.4-9.8)

10.0 
(8.4-11.

2)

5.8 
(3.8-7.0)

7.1 
(5.7-8.8)

4.2 
(3.3-7.1)

8.1 
(5.5-10.

0)

5.5 
(4.4-10.

5)

f-U1 
recruitment

11.5 
(10.4-14

.1)

11.5 
(9.3-14.

9)

11.9 
(10.3-14

.6)

7.0 
(5.8-10.

8)

11.0 
(8.9-12.

2)

6.0 
(4.7-10.

8)

9.9 
(7.6-11.

5)

7.2 
(5.2-11.

6)

f-U1 
derecruitment

7.9 
(6.3-9.8)

8.9 
(7.1-10.

2)

7.9 
(5.2-10.

7)

4.4 
(3.2-6.0)

7.0 
(5.4-7.8)

4.1 
(3.4-6.9)

6.3 
(4.3-7.8)

6.0 
(3.7-9.4)



Table 4: Ramp conditions 

Median duration (sec.), and the first (Q1) and the third (Q3) quartiles between 
brackets, of the increasing force contraction (rise), of maintenance of contraction 
level with U1 and U2 (plateau) and of the relaxation phase (decline) in controls and 
patients with ALS. Each line indicate the data for each investigated muscle: ECR, 
TB, TA and quadriceps. 

Duration of rise Duration of plateau Duration of decline

Muscle Controls ALS Controls ALS Controls ALS

ECR 2.1 (1.2-4.6) 5.2 
(3.0-12.2)

10.6 
(8.3-15.6)

12.3 
(9.3-19.0)

4.1 
(2.64-10.7)

2.7 (0.6-5.5)

TB 3.2 (1.9-7.5) 2.9 (1.8-7.1) 9.9 (7.4-12.6) 10.9 
(8.1-17.9)

4.7 
(1.5-8.3)

3.0 (1.1-6.6)

TA 5.2 (2.6-8.8) 5.1 
(2.9-13.4)

9.8 (7.7-12.3) 13.1 
(8.8-16.8)

2.5 
(1.4-7.3)

4.4 (3.3-5.8)

Quadrice

ps

3.7 (2.4-6.1) 4.7 (3.2-7.9) 12.0 
(9.9-16.2)

12.9 
(8.8-16.7)

6.4 
(2.0-10.3)

3.8 (2.4-8.3



FIGURES AND LEGENDS 

Figure 1. Contraction and vibration protocols. AB, From top to bottom: i) running 

average (1-sec. smoothed) of rectified surface EMG expressed as a percentage of 

(%) mean rectified EMG produced during maximal voluntary contraction (MVC); ii) 

intramuscular EMG that was decomposed to extract potentials of low threshold 

motor unit U1 (control unit) and of an higher threshold motor unit U2 (test unit); 

iii) instant frequencies (Hz) of U1 and below of U2 superimposed on their smoothed 

average (1-sec. period; thin line). EMGs were collected in quadriceps (in VL for 

surface EMG and VM for intramuscular EMG) during the contraction protocol in one 

control subject (A), and in one patient (B). Vertical dashed lines indicate when U2 

was recruited and derecruited in intramuscular EMG. In A, The horizontal dashed 

lines indicate the U1 frequency during the tonic contraction and when U2 was 

recruited. In B, the horizontal lines indicates the U1 frequency when U2 was 

recruited and derecruited. In both cases, the difference (∆F) is represented by the 

double vertical arrow: the increase in U1 frequency for recruiting U2 is called ∆F-R 

(R for recruitment) and the decrease at the derecruitment of U2 is called ∆F-D (D 

for derecruitment). Both ∆F-R and ∆F-D were calculated for the contraction and 

the vibration protocols. C, From top to bottom: i) intramuscular EMG collected in 

VM in one control during the vibration protocol; ii) instant frequencies (Hz) of U1 

and below of U2.1 and U2.2 both activated by vibration: U2.1 still discharging after 

vibration, and derecruited during the relaxation (active derecruitment) and, below, 

U2.2 derecruited at the end of the vibration (passive derecruitment). The black 

rectangle in BC indicate the tendon vibration. Scales were similar in A and B, but 

different in C. 

Figure 2. Motor unit amplitude and duration. A, the amplitude of motor unit 

potentials (mV) is plotted against their duration (ms): each dot represent one 

motor unit in controls (open circles) and in ALS (grey circles). BC, The box plot 

charts illustrate the data distribution of motor unit amplitude (mV, A) and duration 

(ms, B) in controls (white boxes) and in patients with ALS (grey boxes). Motor units 

were isolated from intramuscular EMG in extensor carpi radialis (ECR), triceps 

brachii (TB), tibialis anterior (TA) and quadriceps (Quad). The boundary of the box 

closest to 0 indicates the 25th percentile Q1), the continuous line within the box 

marks the median and the dotted line, the mean. The boundary farthest from 0 



indicates the 75th percentile (Q3). The whiskers (error bars) above and below 

indicate the 90th and 10th percentiles, respectively. The open circles represent the 

5 % outliers. * P < 0.05, *** P < 0.001. 

Figure 3. Surface EMG and contraction force. A, Bars illustrate the mean rectified 

surface EMG (mV) recorded during MVC in controls (white columns) and in patients 

with ALS (grey columns) in extensor carpi radialis (ECR), triceps brachii (TB), 

tibialis anterior (TA) and quadriceps (Quad). Vertical bars represent the standard 

deviation. BC, Scatter plots illustrate the relationship between EMG (mV) and 

contraction force (N) in one control (open circles) and in one patient with ALS (grey 

circles). The interrupted and continuous lines represent the linear fit in control and 

ALS, respectively. The slope of the linear regression is indicated at the bottom of 

each corresponding plot with the coefficient of determination between brackets 

(R2). C, bars indicate the mean slope ± SD (mV/N) in ECR and TA in each group; 

legend and vertical bars as in A. * P < 0.05. 

Figure 4. Motor unit frequencies and recruitment timing. AB, The mean 

frequency of U2 (Hz) is plotted against the mean frequency of U1 (Hz) during the 

period of co-activation, in the contraction (A) and the vibration protocols (B). 

Same legend as in Fig. 3BC. The slopes of the linear regressions are indicated in the 

legend with the R2 between brackets. CD, Box plots as in Fig. 2BC, illustrating the 

data distribution of the ratio between U1 and U2 frequencies for extensor carpi 

radialis (ECR), triceps brachii (TB), tibialis anterior (TA) and quadriceps (Quad; C), 

and the time difference between U1 and U2 (ms) during contraction- and vibration-

induced recruitment (D). ***P < 0.01. 

Figure 5. Comparisons of ∆F-D. The box plot charts illustrate the difference 

between the U1 frequencies during the recruitment and derecruitment of U2 (∆F-D, 

Hz), in the pool of motor unit pairs investigated during the contraction (A) and the 

vibration protocols (B), and in the group of subjects during the contraction (C) and 

the vibration protocols (D). Same legend as in Fig. 2BC. * P < 0.05. 

Figure 6. Comparison of ∆F-D between upper and lower limbs. A, The box plot 

charts illustrate the difference between the U1 frequencies during U2 recruitment 

and derecruitment (∆F-D, Hz), in the pool of motor unit pairs investigated in upper 

and lower limbs, in controls and ALS. Same legend as in Fig. 2BC. * P < 0.05, ** P < 



0.01, *** P < 0.001. BC, Scatter plots illustrate the relationship between ∆F-R (Hz) 

and ∆F-D (Hz) in controls (open circle and interrupted line) and in patients with ALS 

(filled circles and black line), in upper limb (B) and lower limb (C); each dot 

represent one motor unit pair. The equation of linear regressions and R2 are 

indicated in the legend. 

Figure 7. Correlations with clinical features. The loading plot graphs the 

coefficients of each variable for the first component (t1 “excitability”) vs. the 

coefficients for the second component (t2 “phenotype”) estimated using PCA: the 

parameters included in this analysis are commonly used in ALS to characterize the 

clinical phenotype (clinical scores) and to evaluate the motoneuron excitability 

(∆F). Each principal component, examine the magnitude and the direction of 

coefficients of the original variables: the larger the absolute value of the 

coefficient, the more important the corresponding variable is in calculating the 

component. ∆F-D is represented in blue (dependent variable) and the variables 

(predictors) used for PLS regression analysis included: ∆F-R (red); Progression: 

progression rate = lost point to ALSFRS-r/month (red); ALSFRS-r: functional score 

(red); Duration: time since the symptom onset (yellow); MRC: score to MRC scale 

(purple); Form: ALS forms with predominant lower motoneuron affection (LMN), 

predominant upper motoneuron affection (UMN) or both (green); UMN score: upper 

motoneuron score (see Methods for calculation; orange).


