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Abstract

:

Background. This study aims to determine if Riluzole usage can change the function and excitability of motor neurons. Methods. The clinical data and indices of motor neuron excitability were assessed using high-density surface EMG parameters from 80 ALS participants. The persistent inward current was assessed using the discharge rate from paired motor units obtained from the tibialis anterior muscle. This enabled the discharge rate at recruitment, peak discharge rates and the hysteresis of the recruitment–derecruitment frequencies (also known as delta F) to be calculated. Limbs were classified according to their strength. Results. No differences in these motor neuron discharge properties were found according to whether Riluzole was used. Conclusions. The possible interpretations of this finding are discussed.
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1. Introduction


Neuronal hyperexcitability and glutamate toxicity have been proposed as a pathogenic mechanism in amyotrophic lateral sclerosis (ALS) [1]. Riluzole (2-amino-6-trifluoromethoxybenzothiazole) is a sodium channel inhibitor that particularly inhibits persistent sodium currents with a reduction in the release of the neurotransmitter glutamate and increase in the uptake of extracellular glutamate by astrocytes, leading to a reduction in toxicity to neurons [2]. In slice preparations from a mouse model study of ALS, Riluzole effectively suppressed the frequency of repetitive discharge of lower motor neurons in response to the injection of current, and this effect was associated with the drug’s ability to inhibit both glutamate release and sodium channel activity [3]; however, Riluzole has not consistently demonstrated therapeutic efficacy in several experimental animal models of ALS [4,5,6,7,8,9]. Riluzole reduced the progression of ALS in two major clinical trials [10,11], and since then has been widely approved for use. Recent reviews favour a survival advantage for those taking Riluzole [12]. Despite the efficacy of Riluzole in prolonging the survival of ALS patients, there remains uncertainty about when in the disease stage benefit occurs from Riluzole usage [13]. Riluzole leads to transient modulation of cortical and axonal hyperexcitability in ALS patients [14], suggesting that the drug may not permanently alter the underlying hyperexcitability in the disease.



High-density surface electromyography (HDs-EMG) is a powerful, non-invasive tool to evaluate the discharge characteristics of motor neurons. It allows the study of a variety of indices of motor neuron function including the discharge rate at recruitment, peak discharge rates and the hysteresis of the recruitment–derecruitment frequencies (i.e., Δ frequency, or ΔF). Paired motor unit recordings, allowing for ΔF evaluation, represent a non-invasive methodology for estimating the intrinsic motoneuron excitability in humans in vivo, which is a potential biomarker for ALS [15,16,17,18]. We have previously found that, in participants with ALS, there are changes in these parameters as the disease progresses [19].



The aim of the present study was to determine if Riluzole usage can change the function and excitability of motor neurons by assessing the clinical data and indices of motor neuron excitability using HDs-EMG in ALS participants. We hypothesised that Riluzole can alter motor neuron excitability in people living with ALS, and that the changes could be affected by the disease stage.




2. Methods


2.1. Participants


This study was conducted to assess the effects of Riluzole on motor neuron function in ALS participants using HDs-EMG and clinical assessments. Ethical approval was obtained from the Royal Brisbane and Women’s Hospital-Metro North Office of Research (Human Research Ethics Committee number HREC/2022/QRBW/81715). All participants provided written consent.



A total of eighty participants diagnosed with ALS based on the 2019 Gold Coast criteria were recruited for this study [20]. Most patients seen through the multi-disciplinary ALS clinic in 2022–2023 were screened and offered inclusion in the study. In order to consider the wide applicability of HDs-EMG, patients were only excluded if no visible movement of foot dorsiflexion could be seen from either side. Participants were divided into two groups: those who were on Riluzole treatment (Riluzole users) and those who were not (non-Riluzole group). Riluzole as a therapy was prescribed at diagnosis and continued to the recruitment date. In Australia, concern with the efficacy and side effect profile of Riluzole has led to a low uptake of this drug. The Medical Research Council’s scale (MRC scale) was administered by an experienced neurologist (ES). The tibialis anterior muscle was chosen as a practical, commonly involved muscle in ALS. Both tibialis anterior muscles from the lower limb were examined and the score was used to classify each limb muscle as strong (MRC score of 5) or weak (MRC less than 5), and this terminology was used for the clinical assessment, recognising that stronger limb muscles likely already have evolving motor neuron pathology, as can be seen with EMG. As previously reported, a participant could have both lower limb muscles within the same group [19]. The revised functional rating scale (ALSFRS-R) was recorded by ES to be used as clinical data in this study [21].




2.2. High-Density Surface Electromyography (HDs-EMG) Assessment


The tibialis anterior muscle was used for all studies. High-density surface electromyography (HDs-EMG) was recorded during submaximal ramped-up (triangular) contractions targeting 40% of their maximal root-mean-squared (RMS) EMG value [19]. Surface electromyography signals were recorded using 64-channel electrode grids (GR08MM1305, OTBioelettronica, Torino, Italy). The electrode was positioned following the estimated muscle fibre orientation, using a bi-adhesive layer with conductive paste to ensure good skin–electrode contact and conductibility. A ground strap electrode (WS2, OTBioelettronica, Torino, Italy) was dampened and placed around the ankle joint of the tested leg. The HDs-EMG signals were acquired in monopolar mode, amplified (256×), band-pass-filtered (10–500 Hz), and converted to digital signals at 2048 Hz by a 16-bit wireless amplifier (Sessantaquattro, OTBioelettronica, Torino, Italy), before being stored for offline analysis. HDs-EMG signals were recorded and analysed offline, and decomposed into motor unit spike trains with specialised software using a blind source separation decomposition technique, DEMUSE tool software (v.4.1; The University of Maribor, Slovenia) [22].




2.3. Experimental Protocol


Participants were positioned sitting on a chair with their knees bent at 90° flexion, their ankles in an anatomical position, and their feet touching the ground. Participants then performed two maximal isometric ankle dorsiflexion contractions (MVICs). After that, participants performed two triangular contractions to 40% of their peak sEMG-RMS, obtained from their MVIC, at a speed of 15 s up and 15 s down. Participants received visual feedback during each contraction and were instructed to follow the path displayed on a 14-inch laptop monitor positioned in front of them. The order in which each side was tested was randomised. If no motor function or sEMG signal could be detected for a specific side due to disease progression, the limb muscle was not tested. The single best triangular contraction, with the lowest deviation from the sEMG RMS-trace trajectory, was analysed. All motor units were manually inspected by a trained investigator. Only motor units with a pulse-to-noise ratio > 30 dB and sensitivity > 90% were considered for data analysis [23]. The discharge events for each motor unit were converted into instantaneous discharge rates and fitted into a fifth-order polynomial. Persistent inward current (PIC) amplitude was estimated using the paired motor unit analysis [24]. Motor units with a lower recruitment threshold (control motor units) were paired with others with higher recruitment threshold (test motor units). ΔF was calculated as the change in discharge rates (DRs) of the control motor unit in the time between recruitment to the derecruitment of the test motor unit [24,25]. (Figure 1) ΔFs obtained for each control motor unit were averaged to obtain a single ΔF for each test motor unit. The maximum value obtained from the polynomial curve was considered the peak motor unit discharge rate (DR), and the instantaneous rate between the two initial discharges was considered the DR at recruitment (see (Trajano et al., 2023) for more details) [19].




2.4. Statistical Analysis


Separate linear mixed-effect models were used to compare ΔF, peak discharge rate (DR), and DR at recruitment with limb muscle strength (strong and weak) and Riluzole use. Peak discharge rates have been previously shown to influence ΔF; thus, peak DR was included in the ΔF model as a covariate. A random intercept and slope (limb side, i.e., right or left) were included for each participant in the study to account for the correlation between repeated observations. All statistical analyses were conducted in RStudio (version 2023.09.1 + 494). A significant difference was accepted at p ≤ 0.05. The estimated marginal mean difference and 95% confidence intervals (CI) for ΔF, peak DR, and DR at recruitment were determined using the emmeans package [26]. Data are reported as means (±95% CI lower and upper limits), unless stated otherwise.





3. Results


In total, 80 participants with ALS (63 ± 11.7 years old, 52 males,) volunteered for this study. Of these, thirty-two participants had been on Riluzole since diagnosis and up to the period of data collection (Table 1). Clinical indices including mean ALSFRS-R and MRC scores were not significantly different between Riluzole users and non-users (Table 2). Mean disease duration, classified as time (months) from symptom onset to date of data collection, was 31.52 (±27.97) for the total group, 34.81 (±33.11) for the Riluzole treatment group, and 29.25 (±24.97) for the no Riluzole group.



A total of 1755 motor units (15.9 ± 4.5 SD per participant) were recorded, with 1207 motor units yielding paired delta frequency analysis (ΔF). Estimated marginal means are presented in Table 3. ΔF (F = 1.0.30, p = 0.312, Figure 2) was not different between weak and strong limb muscles. There was also no difference in ΔF between the Riluzole and non-Riluzole groups (F = 0.059, p = 0.808). There was no difference according to sex (F = 2.969, p = 0.089). Peak discharge rate (F = 0.404, p = 0.525, Figure 3) showed no difference between the Riluzole and non-Riluzole groups, and there was no significant effect of Riluzole (F = 0.017, p = 0.894) or sex (F = 0.446, p = 0.506). Discharge rates at recruitment (F = 0.474, p = 0.492, Figure 4) were also similar between limb muscles, with no significance influence of Riluzole (F = 0.189, p = 0.664) or sex (F = 0.696, p = 0.407).




4. Discussion


This study used high-density surface electromyography (HDs-EMG) to study the excitability of lower motor neurons supplying the tibialis anterior muscle of 80 participants with ALS, and to compare motor unit properties between those on Riluzole and those who were not on Riluzole. The motor unit properties that were evaluated using HDs-EMG were ΔF, peak motor unit discharge rates, and motor unit discharge rate at recruitment. These properties allow a measure of lower motor neuron excitability [15,27] and are governed both by descending upper motor neuron pathways and also by descending modulatory pathways [28,29]. Using HD-sEMG to understand the role of these modulatory pathways in ALS is an emerging field of interest [16,17,18]. This study was performed to investigate whether Riluzole, which has an overall clinical benefit for survival [10,11,12], affects these parameters and whether there is an effect at different disease stages. We did not observe differences in any of the motor neuron properties from HDs-EMG according to Riluzole status. There are different possible interpretations for this result—(a) Riluzole may have an early effect, possibly due to neuroprotection from excitotoxicity, or a late effect, possibly on respiratory function [30,31]. Using axon excitability (within a larger study), Riluzole therapy led to a transient increase at four weeks in the relative refractory period, superexcitability, and late subexcitability, all of which returned to baseline levels eight weeks after initiation of Riluzole [14]. (b) The predominant effect of Riluzole is on the central motor neuron pathways and not well translated to nerve/muscle, as demonstrated by electrical impedance myography in a G93A mouse model [32] and in studies combining cortical and peripheral studies [29]. In contrast, a meta-analysis of Riluzole use showed that significant changes in bulbar and limb function occurred independent of muscle strength [13], which may help explain the inability to show differences between the groups in our sample.



Limitations


The effect of Riluzole may be modest, with participants potentially using Riluzole for different periods of time, and this study may not have had sufficient power to detect a difference. The designation of muscle strength was made by clinical assessment (within the limitations of the MRC grading) and EMG would have allowed a better assessment of denervation. Combining HDs-EMG with TMS would have allowed a better assessment of the motor neuron pathway from the motor cortex to muscle. Against these points is that there was no suggestion of benefit to warrant further exploration using methods assessing peripheral motor pathways. Longitudinal studies assessing changes over time would strengthen the assessment of Riluzole’s effect, particularly studying from the time of commencement of Riluzole. Recruiting larger sample sizes with detailed exposure time to Riluzole would allow us to account for subgroup analysis of different clinical parameters.





5. Conclusions


In this study, which investigated data from HDs-EMG of ALS participants at a mid-stage of disease, we found no effect of Riluzole on the motor neuron discharge properties from the tibialis anterior muscle. Further investigation into Riluzole’s mechanisms of action on motor neuron excitability is warranted to determine whether it offers additional benefits for people living with ALS.







Author Contributions


Conceptualization, R.D.H., P.A.M. and G.S.T.; methodology, R.D.H., G.S.T., G.L.F. and J.S.H.; software, G.S.T., G.L.F. and J.S.H.; formal analysis, G.L.F. and J.S.H.; investigation, E.S., G.L.F. and J.S.H.; resources, R.D.H. and G.S.T.; data curation, G.L.F. and J.S.H.; writing—original draft preparation, E.S. and G.L.F.; writing—review and editing, E.S., G.L.F., J.S.H., G.S.T., P.A.M. and R.D.H.; supervision, R.D.H. and G.S.T.; project administration, R.D.H. and G.S.T.; funding acquisition, R.D.H. and G.S.T. All authors have read and agreed to the published version of the manuscript.




Funding


Motor Neurone Disease Research Australia—Col Bambrick Innovator Grant—2022; Fight MND Foundation—Impact Grant—2023.




Institutional Review Board Statement


The study was conducted in accordance with the Declaration of Helsinki, and approved by the Ethics Committee of Royal Brisbane & Women’s Hospital (Project Id: 81715; HREC: HREC/2022/QRBW/81715; 17 June 2022).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


The original contributions presented in the study are included in the article, further inquiries can be directed to the corresponding author.




Acknowledgments


Simran Kaur Sarao, Lily Tang (patient recruitment), and Parnia Partovi (data analysis).




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Rothstein, J.D.; Tsai, G.; Kuncl, R.W.; Clawson, L.; Cornblath, D.R.; Drachman, D.B.; Pestronk, A.; Stauch, B.L.; Coyle, J.T. Abnormal excitatory amino acid metabolism in amyotrophic lateral sclerosis. Ann. Neurol. 1990, 28, 18–25. [Google Scholar] [CrossRef] [PubMed]

	



Mizoule, J.; Meldrum, B.; Mazadier, M.; Croucher, M.; Ollat, C.; Uzan, A.; Legrand, J.J.; Gueremy, C.; Le Fur, G. 2-Amino-6-trifluoromethoxy benzothiazole, a possible antagonist of excitatory amino acid neurotransmission—I: Anticonvulsant properties. Neuropharmacology 1985, 24, 767–773. [Google Scholar] [CrossRef] [PubMed]

	



van Zundert, B.; Peuscher, M.H.; Hynynen, M.; Chen, A.; Neve, R.L.; Brown, R.H., Jr.; Constantine-Paton, M.; Bellingham, M.C. Neonatal Neuronal Circuitry Shows Hyperexcitable Disturbance in a Mouse Model of the Adult-Onset Neurodegenerative Disease Amyotrophic Lateral Sclerosis. J. Neurosci. 2008, 28, 10864–10874. [Google Scholar] [CrossRef] [PubMed]

	



Chen, S.; Liao, Q.; Lu, K.; Zhou, J.; Huang, C.; Bi, F. Riluzole Exhibits No Therapeutic Efficacy on a Transgenic Rat model of Amyotrophic Lateral Sclerosis. CNR 2020, 17, 275–285. [Google Scholar] [CrossRef] [PubMed]

	



Chiarotto, G.B.; Cartarozzi, L.P.; Perez, M.; Biscola, N.P.; Spejo, A.B.; Gubert, F.; Francą Junior, M.; Mendez-Otero, R.; De Oliveira, A.L.R. Tempol improves neuroinflammation and delays motor dysfunction in a mouse model (SOD1G93A) of ALS. J. Neuroinflamm. 2019, 16, 218. [Google Scholar] [CrossRef]

	



Hogg, M.C.; Halang, L.; Woods, I.; Coughlan, K.S.; Prehn, J.H.M. Riluzole does not improve lifespan or motor function in three ALS mouse models. Amyotroph. Lateral Scler. Front. Degener. 2018, 19, 438–445. [Google Scholar] [CrossRef]

	



Jablonski, M.R.; Markandaiah, S.S.; Jacob, D.; Meng, N.J.; Li, K.; Gennaro, V.; Lepore, A.C.; Trotti, D.; Pasinelli, P. Inhibiting drug efflux transporters improves efficacy of ALS therapeutics. Ann. Clin. Transl. Neurol. 2014, 1, 996–1005. [Google Scholar] [CrossRef]

	



Scott, S.; Kranz, J.E.; Cole, J.; Lincecum, J.M.; Thompson, K.; Kelly, N.; Bostrom, A.; Theodoss, J.; Al-Nakhala, B.M.; Vieira, F.G.; et al. Design, power, and interpretation of studies in the standard murine model of ALS. Amyotroph. Lateral Scler. 2008, 9, 4–15. [Google Scholar] [CrossRef]

	



Wright, A.L.; Della Gatta, P.A.; Le, S.; Berning, B.A.; Mehta, P.; Jacobs, K.R.; Gul, H.; San Gil, R.; Hedl, T.J.; Riddell, W.R.; et al. Riluzole does not ameliorate disease caused by cytoplasmic TDP-43 in a mouse model of amyotrophic lateral sclerosis. Eur. J. Neurosci. 2021, 54, 6237–6255. [Google Scholar] [CrossRef]

	



Bensimon, G.; Lacomblez, L.; Meininger, V. A Controlled Trial of Riluzole in Amyotrophic Lateral Sclerosis. N. Engl. J. Med. 1994, 330, 585–591. [Google Scholar] [CrossRef]

	



Lacomblez, L.; Bensimon, G.; Leigh, P.N.; Guillet, P.; Meininger, V. Dose-ranging study of riluzole in amyotrophic lateral sclerosis. Amyotrophic Lateral Sclerosis/Riluzole Study Group II. Lancet 1996, 347, 1425–1431. [Google Scholar] [CrossRef] [PubMed]

	



Andrews, J.A.; Jackson, C.E.; Heiman-Patterson, T.D.; Bettica, P.; Brooks, B.R.; Pioro, E.P. Real-world evidence of riluzole effectiveness in treating amyotrophic lateral sclerosis. Amyotroph. Lateral Scler. Front. Degener. 2020, 21, 509–518. [Google Scholar] [CrossRef] [PubMed]

	



Dharmadasa, T.; Kiernan, M.C. Riluzole, disease stage and survival in ALS. Lancet Neurol. 2018, 17, 385–386. [Google Scholar] [CrossRef] [PubMed]

	



Geevasinga, N.; Menon, P.; Ng, K.; Van Den Bos, M.; Byth, K.; Kiernan, M.C.; Vucic, S. Riluzole exerts transient modulating effects on cortical and axonal hyperexcitability in ALS. Amyotroph. Lateral Scler. Front. Degener. 2016, 17, 580–588. [Google Scholar] [CrossRef] [PubMed]

	



Bashford, J.; Mills, K.; Shaw, C. The evolving role of surface electromyography in amyotrophic lateral sclerosis: A systematic review. Clin. Neurophysiol. 2020, 131, 942–950. [Google Scholar] [CrossRef]

	



Nishikawa, Y.; Holobar, A.; Watanabe, K.; Takahashi, T.; Ueno, H.; Maeda, N.; Maruyama, H.; Tanaka, S.; Hyngstrom, A.S. Detecting motor unit abnormalities in amyotrophic lateral sclerosis using high-density surface EMG. Clin. Neurophysiol. 2022, 142, 262–272. [Google Scholar] [CrossRef]

	



Noto, Y.i.; Kitaoji, T.; Watanabe, K.; Mizuno, T. Assessment of motor unit firing by high-density surface electromyography detects motor neuronal hyperexcitable state in amyotrophic lateral sclerosis. Muscle Nerve 2023, 68, 149–156. [Google Scholar] [CrossRef]

	



Marchand-Pauvert, V.; Peyre, I.; Lackmy-Vallee, A.; Querin, G.; Bede, P.; Lacomblez, L.; Debs, R.; Pradat, P.F. Absence of hyperexcitability of spinal motoneurons in patients with amyotrophic lateral sclerosis. J. Physiol. 2019, 597, 5445–5467. [Google Scholar] [CrossRef]

	



Trajano, G.S.; Orssatto, L.B.R.; McCombe, P.A.; Rivlin, W.; Tang, L.; Henderson, R.D. Longitudinal changes in intrinsic motoneuron excitability in amyotrophic lateral sclerosis are dependent on disease progression. J. Physiol. 2023, 601, 4723–4735. [Google Scholar] [CrossRef]

	



Shefner, J.M.; Al-Chalabi, A.; Baker, M.R.; Cui, L.-Y.; de Carvalho, M.; Eisen, A.; Grosskreutz, J.; Hardiman, O.; Henderson, R.; Matamala, J.M.; et al. A proposal for new diagnostic criteria for ALS. Clin. Neurophysiol. 2020, 131, 1975–1978. [Google Scholar] [CrossRef]

	



Cedarbaum, J.M.; Stambler, N.; Malta, E.; Fuller, C.; Hilt, D.; Thurmond, B.; Nakanishi, A. The ALSFRS-R: A revised ALS functional rating scale that incorporates assessments of respiratory function. J. Neurol. Sci. 1999, 169, 13–21. [Google Scholar] [CrossRef] [PubMed]

	



Del Vecchio, A.; Holobar, A.; Falla, D.; Felici, F.; Enoka, R.M.; Farina, D. Tutorial: Analysis of motor unit discharge characteristics from high-density surface EMG signals. J. Electromyogr. Kinesiol. 2020, 53, 102426. [Google Scholar] [CrossRef]

	



Del Vecchio, A.; Casolo, A.; Negro, F.; Scorcelletti, M.; Bazzucchi, I.; Enoka, R.; Felici, F.; Farina, D. The increase in muscle force after 4 weeks of strength training is mediated by adaptations in motor unit recruitment and rate coding. J. Physiol. 2019, 597, 1873–1887. [Google Scholar] [CrossRef] [PubMed]

	



Gorassini, M.; Yang, J.F.; Siu, M.; Bennett, D.J. Intrinsic Activation of Human Motoneurons: Possible Contribution to Motor Unit Excitation. J. Neurophysiol. 2002, 87, 1850–1858. [Google Scholar] [CrossRef] [PubMed]

	



Heckman, C.J.; Gorassini, M.A.; Bennett, D.J. Persistent inward currents in motoneuron dendrites: Implications for motor output. Muscle Nerve 2005, 31, 135–156. [Google Scholar] [CrossRef] [PubMed]

	



Lenth, R.V. Least-squares means: The R package lsmeans. J. Stat. Softw. 2016, 69, 1–33. [Google Scholar] [CrossRef]

	



Merletti, R.; Farina, D. Surface Electromyography: Physiology, Engineering, and Applications; Wiley: Hoboken, NJ, USA, 2016. [Google Scholar] [CrossRef]

	



Jafari, Z.; Mahood, Q.; Hamson, A. Riluzole for Amyotrophic Lateral Sclerosis Treatment. Can. J. Health Technol. 2023, 3. [Google Scholar] [CrossRef]

	



Vucic, S.; Lin, C.S.Y.; Cheah, B.C.; Murray, J.; Menon, P.; Krishnan, A.V.; Kiernan, M.C. Riluzole exerts central and peripheral modulating effects in amyotrophic lateral sclerosis. Brain 2013, 136, 1361–1370. [Google Scholar] [CrossRef]

	



de Jongh, A.D.; van Eijk, R.P.A.; van den Berg, L.H. Evidence for a multimodal effect of riluzole in patients with ALS? J. Neurol. Neurosurg. Psychiatry 2019, 90, 1183–1184. [Google Scholar] [CrossRef]

	



Fang, T.; Al Khleifat, A.; Meurgey, J.-H.; Jones, A.; Leigh, P.N.; Bensimon, G.; Al-Chalabi, A. Stage at which riluzole treatment prolongs survival in patients with amyotrophic lateral sclerosis: A retrospective analysis of data from a dose-ranging study. Lancet Neurol. 2018, 17, 416–422. [Google Scholar] [CrossRef]

	



Li, J.; Sung, M.; Rutkove, S.B. Electrophysiologic Biomarkers for Assessing Disease Progression and the Effect of Riluzole in SOD1 G93A ALS Mice. PLoS ONE 2013, 8, e65976. [Google Scholar] [CrossRef] [PubMed]








[image: Brainsci 14 01053 g001] 





Figure 1. Illustration of ΔF calculation. Top panel displays a triangular contraction to 40% of the participant’s sEMG-RMS MVIC. The middle and bottom panels illustrate ΔF calculations. The test motor unit (top, purple) and control motor unit (bottom, yellow) are shown. ΔF is calculated as the difference between the discharge rates of the control unit at the recruitment and derecruitment times of the test unit. A 5th-order polynomial fit (light purple and light-yellow lines over the motor units) was created from the instantaneous discharge rates of each motor unit. Peak DR was considered the maximum value obtained from the polynomial curve, and the instantaneous rate between the two initial discharges was considered the DR at recruitment. DR—discharge rate; MVIC—maximal voluntary contraction; sEMG—surface electromyography; RMS—root mean square; pps—pulses per second. 
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Figure 2. Data represent ΔF for Riluzole and no Riluzole groups. Individual data points are jittered in the background as lighter red diamond. Participants’ mean ΔF values are plotted as darker red diamonds at the front. Estimated marginal mean and 95% confidence interval (CI) are offset to the left. Data are faceted by MRC classification of limb muscle strength (i.e., strong, MRC = 5; weak, MRC < 5). 
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Figure 3. Data represent peak motor unit discharge rate (DR) for Riluzole and no Riluzole groups. Individual data points are jittered in the background as lighter purple diamonds. Participants’ mean peak DRs are plotted as darker purple diamonds at the front. Estimated marginal mean and 95% confidence interval (CI) are offset to the left. Data are faceted by MRC classification of limb muscle strength (i.e., strong, MRC = 5; weak, MRC < 5). 
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Figure 4. Data represent motor unit discharge rates at recruitment for Riluzole and no Riluzole groups. Individual data points are jittered in the background as lighter blue diamonds. Participants’ mean discharge rates at recruitment are plotted as darker blue diamonds at the front. Estimated marginal mean and 95% confidence interval (CI) are offset to the left. Data are faceted by MRC classification of limb muscle strength (i.e., strong, MRC = 5; weak, MRC < 5). 
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	Total Number of Participants (n)
	80





	Sex
	52 males, 28 females



	Total limbs tested (i.e., right, left)
	143



	Weak limbs (MRC < 5)
	87



	Participants on Riluzole
	32



	Number of limbs (MRC < 5) on Riluzole/no Riluzole
	36/51



	Number of limbs (MRC = 5) on Riluzole/no Riluzole
	18/38



	Mean ALSFRS-R score
	34.5 (31.2–35.8)







ALSFRS-R—revised amyotrophic lateral sclerosis functional rating scale. ALSFSR-R—score reported as mean (95% confidence interval).













 





Table 2. Mean ALSFRS score and mean MRC score of recruited participants.






Table 2. Mean ALSFRS score and mean MRC score of recruited participants.










	
	Riluzole
	No Riluzole





	ALSFRS-R
	34 (±9.9)
	35.6 (±7.2)



	ALSFRS-R item 8
	2.6 (±1.0)
	2.9 (±0.8)



	ALSFRS-R item 9
	1.9 (±1.4)
	2.1 (±1.4)



	Mean MRC score (weak limb muscle group)
	3.3 (±1.2)
	3.3 (±1.0)



	Disease duration (months)
	29.5 (±27.8)
	31.4 (±28.3)



	Site of onset
	
	



	Bulbar
	7
	13



	Upper limb
	8
	13



	Lower limb
	9
	20







ALSFRS-R—revised amyotrophic lateral sclerosis functional rating scale; ALSFRS-R—item 8, refers to walking; ALSFRS-R—item 9, refers to climbing stairs; MRC, The Medical Research Council’s Scale for muscle strength. Data for ALSFRS-R and MRC scores are presented as means (±SD).













 





Table 3. Estimated marginal means for ΔF analysis, motor unit peak discharge rates (DRs), discharge rates (DRs) at recruitment for weak and strong limb muscles, by treatment group (i.e., Riluzole, no Riluzole).






Table 3. Estimated marginal means for ΔF analysis, motor unit peak discharge rates (DRs), discharge rates (DRs) at recruitment for weak and strong limb muscles, by treatment group (i.e., Riluzole, no Riluzole).





	

	
Riluzole

	
No Riluzole






	

	
Weak Muscle

	
Strong Muscle

	
Weak Muscle

	
Strong Muscle




	
ΔF (pps)

	
3.38 (2.93–3.83)

	
3.64 (2.89–4.24)

	
3.38 (2.93–3.83)

	
3.56 (2.89–4.24)




	
Peak DR (pps)

	
15.9 (14.8–17.2)

	
16.3 (14.4–8.2)

	
16.0 (14.8–17.2)

	
16.5 (14.4–18.2)




	
DR at recruitment (pps)

	
6.69 (5.82–7.56)

	
6.44 (5.49–7.39)

	
6.90 (6.28–7.52)

	
6.65 (5.92–7.38)








ΔF—delta frequency; DR—discharge rate; pps—pulses per second. Data presented as means (95% CI).
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