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ABSTRACT

Changes in Hoffmann reflex (H-reflex) exhibit heterogeneity among patients with amyotrophic
lateral sclerosis (ALS), likely due to phenotype diversity. Current knowledge primarily focuses
on soleus H-reflex, which may demonstrate an initial increase before subsequent decline
throughout the disease course. The main objective was to investigate other muscles, to
determine whether H-reflex changes could be associated with patient phenotype (onset site,
functional disabilities). Additional experiments were performed to elucidate the
neurophysiological mechanisms underlying H-reflex modifications. In age- and sex-matched
groups of controls and patients, we compared H-reflex recruitment curves in soleus,
guadriceps, and forearm flexors. Additionally, we examined H-reflex and motor evoked
potential (MEP) recruitment curves in quadriceps. Last, to assess potential changes in
monosynaptic excitatory post-synaptic potentials (EPSPs) of both peripheral and cortical
origins, we analyzed peri-stimulus time histograms (PSTH) and peristimulus frequencygrams
(PSF) of single motor units, along with H-reflex occurrence after paired pulse stimuli. The ratio
between maximal amplitudes of H-reflex and direct motor response increased in all muscles,
irrespective of disease onset, and was found positively correlated with exaggerated
osteotendinous reflexes and spasticity, but depressed in patients on-riluzole. This finding was
accompanied by a reduction in MEP size and no changes in PSTH, PSF, and paired-pulse H-
reflex probability. It is speculated that spinal interneurons may compensate for potential
depression of monosynaptic EPSPs in ALS. From a clinical perspective, while the added value
of H-reflex to osteotendinous reflex evaluation may be limited, it can serve as a valuable

guantitative biomarker of pyramidal dysfunction in clinical trials.

NEW & NOTEWORTHY

Without significant evidence of peripheral denervation, H-reflex enhancement appears to be
a widespread phenomenon, regardless of disease onset site. This increase is likely associated
with a decrease in inhibitory control over presynaptic transmission of the synapse between
muscle group la afferents and motoneurons. Although the link to exaggerated osteotendinous
reflexes and spasticity implies a restricted role in identifying a pyramidal syndrome, its

guantitative aspect positions the H-reflex as a valuable biomarker in clinical trials.

Key words: H-reflex, MEP, monosynaptic EPSPs, Interneurons, ALS
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INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is a relentlessly progressive neurodegenerative
disease of the human motor system (1). The delay for definite diagnosis is about one year, due
to heterogenous clinical presentations contributing to misdiagnoses (2, 3). With the
emergence of novel treatment options (4), the importance of promptly identifying and
diagnosing ALS has become more critical than ever. Consequently, there has been a consistent
increased interest in biomarkers relevant to ALS over the past few decades (5, 6). Developing
biomarkers for ALS faces a substantial challenge due to the considerable clinical
heterogeneity, encompassing factors such as genetic origins, site of onset, rate of decline,
cognitive impairment, and the varying extent of brain cortex (upper motor neurons, UMNs)
and bulbospinal motor neuron impairment (lower motor neurons, LMNs; Turner et al. 2013).
Although the diverse underlying biochemical pathways may appear unrelated, they converge
to produce a shared clinical syndrome characterized by the progressive degeneration of both
UMNSs and LMNs (1). This supports the emphasis on neurophysiological biomarkers and the
remaining recognition of electrodiagnosis as the gold standard in ALS. To broaden the scope
of electromyogram (EMG) examination, several studies have explored the features of the
Hoffman reflex (H-reflex) and motor evoked potential (MEP) in ALS (8, 9). However, the
predominant focus in the majority of these studies has been on specific muscle groups, driven

by methodological and clinical considerations.

H-reflexes can be elicited in nearly all muscles containing muscle spindles, yet the
majority of muscles may require reinforcement (such as voluntary contraction) to exhibit the
response in EMG. In resting condition, H-reflex is readily produced in soleus EMG of most
healthy individuals, whereas it is more challenging in the EMG of other muscles (e.g.,
qguadriceps and forearm flexors; Burke 2016). Consequently, many studies examining H-
reflexes have predominantly concentrated on soleus (11), particularly in the context of ALS
(9). Findings consistently indicated that the H-reflex was more easily induced in patients with
ALS compared to healthy elderly subjects, considering the age-related decline in H-reflex (12).
However, the ratio between maximum amplitudes of H-reflex and the direct motor (M)
response (Hmax/Mmax) remained unchanged (13-17). This observation seems unforeseen
considering the early-stage hyperreflexia in ALS (10, 18). Moreover, a recent in vivo

electrophysiological investigation on isolated motoneurons in the SOD1-mutated mouse
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model unveiled a reduction in monosynaptic excitatory post-synaptic potentials (EPSPs) of
both peripheral and descending origins, contrary to the anticipated hyperexcitability (19).
Therefore, we have undertaken additional evaluations of peripheral and corticospinal
monosynaptic excitations in various motor nuclei and motor units that innervate the upper

and lower limbs in ALS patients.

Some years ago, we undertaken an extensive study to assess spinal interneurons in ALS
by investigating conditioned H-reflexes and MEPs (https://clinicaltrials.gov, NCT02429492). In
the initial experiments focusing on quadriceps in patients exhibiting normal clinical
examination at this level, we quickly noticed that H-reflex was more easily elicited in patients
with ALS, and the Hmax/Mmax ratio was higher compared to controls (20). We hypothesized
that this outcome might be more dependable than findings reported in the soleus (9).
Leveraging this protocol, we systematically investigated the recruitment curve of H-reflex and
M response in soleus, quadriceps, and flexors in the forearm, to determine whether ALS-

related alterations were consistent across these muscle groups.

The increase in the Hmax/Mmax ratio can be attributed to various mechanisms, including
alterations in Mmax (a decrease in Mmayx, for a similar H-reflex size, increases the ratio), and/or
re-innervation of denervated motor plates by resilient motoneurons resulting in larger motor
unit potentials (21-23). These slow type units are the first to be activated by the reflex
pathway (consistent with Henneman's principle; Henneman and Mendell 1981) and may
consequently cause an artificial increase in the reflex. Another potential factor is a reduction
in presynaptic inhibition of group la sensory afferents mediating H-reflex to motoneurons (13,
15, 25). To discern the contribution of these different phenomena to H-reflex size, a
comparative analysis with MEP can be insightful (26). The MEP size typically diminishes over
the course of the disease, particularly in the lower limbs (8). To the best of our knowledge,
changes in H-reflex and MEP have not been systematically examined in the same patients. The
NCT02429492 protocol provided an opportunity for such a comparison, and we evaluated

changes in both H-reflex and MEP in the quadriceps.

Finally, numerous studies have been conducted on ALS patients to evaluate excitations
produced in isolated motoneurons using the peri-stimulus time histogram (PSTH) technique
(8, 27). Only one study specifically examined peripheral excitation mediated by group la

afferents and indicated no alteration in the peaks produced in PSTHs (28). More emphasis has
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been placed on transcranial magnetic stimulation (TMS)-induced excitation, particularly in
motor units isolated from the EMG of intrinsic hand muscles. Globally, corticospinal inputs led
to a smaller but more fragmented early peak in the PSTHs (longer duration, multiple sub-
peaks) compared to controls. This reflects a desynchronized discharge of motoneurons in
response to corticospinal inputs; a phenomenon that intensifies over the course of the disease
(29-33). These findings deviate from recent reports in mouse models where monosynaptic
EPSPs are diminished (19). However, PSTH studies in patients have not precisely examined the
monosynaptic part of the peaks in PSTH, limited to the first 0.6 ms (34, 35). Additionally, PSTH
well characterizes the rise time of EPSPs but is limited to distinguish multiple EPSPs and to
evaluate their duration, unlike the PSF technique (36, 37). Despite their usefulness and
contribution to the study of EPSPs, the PSF and paired-pulse H-reflex methods (38, 39), have
not been employed in ALS to date (except PSF to assess spinal recurrent inhibition in ALS;
Ozyurt et al. 2020). Consequently, we used these two techniques to offer novel insights into
monosynaptic EPSPs of peripheral and descending origin in patients with ALS, focusing on
muscle groups that are minimally affected or even unaffected in the patients we have

investigated.

MATERIALS AND METHODS
Ethics

This study is part of a larger one on spinal excitability in patients with ALS
(SpinalBioMark-SLA) during which we have evaluated several spinal circuitries using indirect
electrophysiology (20, 41). The experimental procedures conform to the lasted revision of the
Code of Ethics of the World Medical Association (Declaration of Helsinki) and were approved
by the ethic committee of INSERM (protocol n° C14-21) and by the national ethical authorities
(CPP lle de France, Paris 6 - Pitié-Salpétriere, CPP/16-15; RCB 2014-201-A01240-47). It has
been registered in a public registry (https://clinicaltrials.gov, NCT02429492). All participants
have given their written informed consent before the experiments. The data are available on
request from the corresponding author; they are not publicly available due to ethical

restrictions.

Participants



148
149
150
151
152
153
154
155
156
157
158
159
160
161

162
163
164
165
166
167
168
169

170

171
172
173
174
175
176
177
178

A total of 55 patients (11 women; mean age + 1 standard deviation [SD]: 62.5 £ 9.5 years
old) and 56 controls (12 women; 62.8 + 8.9 years old) have participated in this study but not
all have performed all the experiments (see below, demographic details for each Experiment).
The main inclusion criterion for controls was the absence of prior or current neurological
illness. Those for patients included probable or definite ALS according to the El Escorial criteria
(42), no peripheral neuropathy and no comorbid neurological conditions. Patients were
screened and tested for the 4 most common ALS-causing mutations (SOD1, FUS, C90orf72 and
TDP43; DNA extraction was performed by Genethon, Evry, France; DNA analysis was carried
out at the University of Tours, France), and all were negative except 1 (C90orf72 in patient 37;
Table 1). Table 1 resumes the main clinical features. Patients were explored on their non or
less affected side, according to the muscle explored in each experiment. This explains why
some of them had normal MRC score in the muscle investigated while the onset site was in
the corresponding limbs (Table 1: for lower limbs [LL], patients 8, 22-24, 28, 31-33, 37, 45, 46,
49, 52 and 55, and for upper limbs [UL], patients 21, 25, 27, 29 34, 39, 44 and 53).

Table 1 near here

All participants were tested preferably on the dominant side (43). When patients had
motor deficits on this side, we explored their non-dominant side and, in both groups, the non-
dominant side was tested in case of orthopedic trauma on the dominant side: i) right-handers
tested on the right (dominant) side: 48 controls vs. 40 patients, ii) left-handers tested on the
left (dominant) side: 4 controls vs. 3 patients, iii) right-handers tested on the left (non-
dominant) side: 1 control vs. 10 patients, and iv) left-handers tested on the right (non-

dominant) side: 3 controls vs. 2 patients.
Recordings

EMGs were recorded using single-use bipolar surface electrodes (sticky foam electrodes
with solid gel; 2-cm apart; FIAB, Florence, Italy) secured on the skin cleaned beforehand
(exfoliating cream and alcohol) over i) the vastus lateralis (VL) head of the quadriceps femoris,
on the antero-lateral part of the thigh, ~15 cm above the patella, ii) the soleus, on the
posterior part of the leg, ~5 cm below the insertion of gastrocnemius muscles, iii) the flexor
carpi radialis (FCR), on the medial part of the palmar aspect of the forearm, ~8-10 cm distal
from the elbow, vi) the extensor carpi radialis (ECR), on the medial part of the dorsal aspect

of the forearm, ~4 cm distal from the elbow, and v) the tibialis anterior (TA), on the antero-
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medial part of the leg, ~10-15 cm below the patella. For investigating the discharge of single
motor units in ECR and TA, intramuscular EMG recordings were also performed using paired
hook wire electrodes (40-cm polytetrafluoroethylene 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 ECR and TA to implant the fine wires, and it was subsequently removed.

VL, soleus and FCR EMG were amplified and filtered (x 1,000-5,000; 0.1-1kHz bandpass;
D360 8-channel Patient Amplifier, Digitimer Ltd, Hertfordshire, UK). For ECR and TA EMG, both
surface electrodes and fine wires were plugged to wifi connectors that transmitted the signals
to a zero-wire system (Cometa Srl, Milan, Italy); EMG 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). EMG activities were digitally stored on a personal computer (2-kHz sampling rate;
Power 1401 controlled by Signal 6.03 [Experiments 1 & 3] or Spike2 8.07 [Experiments 2 & 4],

CED, Cambridge, UK) for off-line analysis.

Percutaneous electrical stimulations (1-ms duration rectangular pulse; DS7A, Digitimer
Ltd, Hertfordshire, UK) were applied to i) the femoral nerve (FN) trough monopolar electrodes,
the cathode being a 21-cm? brass plaque placed on the posterior aspect of the thigh (below
the buttock) and the anode, a 3-cm diameter brass hemisphere placed in the femoral triangle,
ii) the posterior tibial nerve (PTN) using similar electrodes as FN: the cathode was placed
above the patella and the anode, in the medial part of the popliteal fossa, iii) the median nerve
using bipolar electrodes (3-cm diameter brass hemispheres separated in their center by ~5
cm): the 2 electrodes were placed one above the other on the anterior aspect of the arm along
the median nerve trajectory, just above the elbow, with the anode at the most proximal site
from spinal cord, iv) the radial nerve using bipolar electrodes as median nerve: the cathode
was placed ~5 cm above the elbow, anterior to the humerus, and the anode, above the
cathode but posterior to the humerus, and v) the common peroneal nerve (CPN) using bipolar
electrodes placed on the either side of the neck of the fibula, with the cathode ~5 cm below
the patella and the cathode, near the outer edge of the popliteal fossa. Stimulating electrodes

were covered by wet sponge tissue and their positions were checked according to motor
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response evoked in the corresponding EMG, respectively VL for FN, soleus for PTN, FCR for
median nerve, ECR for radial nerve and TA for CPN. Clinical responses were also checked by

tendon palpation. Sketches in Figure 1AB resume the experimental set ups.
Experimental protocols

The participants were comfortably seated in a reclining armchair, with head support.
For upper limb experiments (FCR and ECR EMG), the palmar side of the tested forearm rested
on the arm of the chair, with the hand in pronation, shoulder in ~20° abduction, elbow in
~100° extension and the wrist in neutral position. For lower limb experiments, the tested leg
was positioned in a device fixed to the chair and adaptable so that the hip was semi-flexed
(~80°), the knee semi-extended (~130°) and the ankle in semi-plantarflexion (~100°). For H-
reflex investigations (quadriceps, soleus and FCR), the participants were asked to relax as
much as possible and the recordings were performed at rest. MEPs and the discharge of
isolated motor units were studied during tonic contraction of the target muscles (quadriceps
for MEP, ECR and TA for motor units) which force was estimated according to the mean EMG

level during the maximal voluntary contraction.

Figure 1 near here

Experiment 1: H-reflexes in upper and lower limbs

Twenty controls and 19 patients were enrolled in Experiment 1 but we only retained for
analysis those in whom we have been able to plot the full recruitment curves of the direct
motor M response and of the H-reflex in quadriceps, soleus and FCR. Accordingly, we have
excluded: i) 4 controls: no data in FCR in 2 of them (no H-reflex in one and consent withdrawal
in the other one), no H-reflex in VL in the third one, and the last one was too sensitive to the
stimulations to perform the experiments, and ii) 4 patients: no FCR H-reflex in 2 of them, no
soleus H-reflex in the third one and the recruitment curve of soleus was incomplete in the last
one. The comparison was thus possible in 16 controls (controls #1-16; 3 women; 60.2 + 10.6
years old) and 15 patients (patients #1-15; 2 women; 62.7 + 10.2 years old). The 3 muscles
were tested during the same experimental session. The intensity of the peripheral nerve
stimulations was varied between the threshold for H-reflex and M response and the
supramaximal intensity for M response in each individual (Fig. 1AF); 5 trials were performed

at each intensity. The stimulation rate was fixed at 0.33 Hz. The intensity was normalized to
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the threshold intensity of the direct M response in the corresponding EMG (motor threshold,

MT) to plot the M response and H-reflex recruitment curves (Figs. 2A-F).
Experiment 2: Paired-pulse H-reflex in soleus

Twelve controls and 9 patients were enrolled in Experiment 2 but we only retained for
further analysis those in whom less than 13 % of the conditioning pulse produced an H-reflex
in soleus EMG when given alone (38, 39), which occurred in 2 controls. The group analysis was
thus performed in 10 controls (control #4, 15, 17-24; 5 women; 66.0 + 7.8 years old) and 9
patients (patients #16-24; 2 women; 65.4 + 8.7 years old). Two distinct stimulators were
plugged to the same stimulating electrodes thanks to a home-made electronic device we
developed according to the recommendations of Digitimer Ltd. This device, linked to 2
stimulators, has enabled us to deliver either single or paired pulses trough the same pair of
electrodes placed over the PTN. First of all, both maximal amplitude of H-reflex (Hmax) and M
response (Mmax) were evaluated at 0.33-Hz stimulation rate (single pulse). Then, the threshold
intensity for H-reflex (1/10 stimuli) was estimated at 1-Hz stimulation rate (single pulse). For
the paired pulse paradigm, the intensity of the (first) conditioning pulse was adjusted at the
threshold intensity for H-reflex (1-Hz rate) and the intensity of the (second) test pulse was set
at 90, 95, 100, 105 and 110 % of the conditioning stimulus intensity. The interstimulus interval
(ISI) between paired pulses was 5, 10, 15, 20, 25, 30, 40 and 50 ms. One session of acquisition
consisted in alternating series of 10 isolated test and conditioning pulses (5 of each; 1-Hz
stimulation rate; white boxes in Fig. 1/), intercalated with series of 20 paired pulse delivered
at 1 Hz (blue boxes in Fig. 1/). So, one acquisition included 40 isolated conditioning stimuli (8
series x 5 stimuli), 40 isolated test stimuli (8 series x 5 stimuli) and 160 paired pulses (20 stimuli
x 8 ISIs). During one session, the intensity of the test stimuli was fixed but it was changed
randomly from one session to another (between 90 and 110 % of the single-pulse H-reflex
threshold intensity). Five sessions of acquisition were thus performed in each individual and
the order of the investigated test intensity was randomized. The ISI between paired pulse was
randomized from one series of paired pulses to another. The resulting sequence of tested ISls
during one session of acquisition was determined at the beginning of the experiment and kept
constant for the 5 sessions in each participant but the randomization was done for each

individual.

Experiment 3: H-reflex and MEP in VL
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Twenty-nine controls and 27 patients were enrolled in Experiment 3 (none in common
with other experiments) but i) TMS experiment could not be done in one control because the
MEP threshold was too high to study the MEP recruitment curve and ii) one patient was unable
to support FN stimulations. Experiment 3 was thus fully undertaken in 28 controls (controls
#25-51; 3 women; 62.3 + 8.9 years old) and 26 patients (patients #25-50; 4 women; 60.3 + 9.7
years old). MEP, M response and H-reflex were tested during the same experimental session.
The procedure for M response and H-reflex was similar as in Experiment 1. For the MEP
recruitment curve, we first evaluated the mean EMG activity in VL during maximal voluntary
contraction. Then, the participants were asked to perform tonic contraction of quadriceps
during TMS so as to produce 10 % of the mean EMG level during maximal voluntary
contraction (visual feedback). TMS (Rapid Stim, Magstim Company Ltd, Whitland, UK) was
delivered through double cone coil placed at the hot spot for MEP in VL EMG; the voluntary
tonic contraction helped to focus TMS on quadriceps cortical motor area and to get reliable
MEPs in quadriceps EMG. Stimulator output was changed from MEP threshold intensity and
the supramaximal intensity for maximal MEP (MEPmax), using steps of 2 % of maximal
stimulator output (MSO); 10 trials were performed at each intensity. The intensity of FN
stimulation was normalized to the motor threshold (MT, see Experiment 1) and that of TMS
was normalized to the threshold for MEP (active motor threshold, AMT) to plot the H-reflex

and MEP recruitment curves (Fig. 5AB).
Experiment 4: Monosynaptic excitation in upper and lower limb motoneurons.

Twenty-three controls (control #1-3, 5-14, 16-18, 52-56; 4 women; 61.6 + 9.6 years old)
and 12 patients (patient #11-15, 17, 24, 51-55; 4 women; 65.8 * 8.2 years old) were enrolled
in Experiment 4 (some of which have participated in the previous Experiments). Participants
were asked to perform tonic contraction of ECR or TA (2-5 % of maximal voluntary contraction)
so as to extract one single motor unit potential off-line and investigate its probability of
occurrence in EMG and frequency rate around stimulation applied to i) the corresponding
peripheral nerve (radial nerve for ECR, and CPN for TA) or to ii) the primary motor cortex using
TMS, with a 9-cm round coil for ECR or cone-coil for TA, both localized at the hot spot for MEP
in the corresponding EMG. Intensity of peripheral nerve stimulations was adjusted at 1 x the
motor threshold (MT) and 100 stimuli were delivered a 2-Hz frequency rate during 1 session

of recording. TMS intensity was set at 0.9 the active motor threshold (AMT; same level of
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contraction as during motor unit recordings) and 50 stimuli were delivered at 0.8-Hz frequency
rate during 1 session of recording. In both cases, peripheral nerve stimulations or TMS, 4

sessions of recordings were repeated in each participant.
Analysis

For Experiment 1 and 3, peak-to-peak amplitude of H-reflexes and M responses (Fig. 1C-
E) and size of rectified MEPs (Fig. 1JL) were measured and their mean were plotted against
stimulus intensity in each individual (Figs. 1F-H,L). For MEP analysis, we have estimated the
extra-activity due to TMS, in addition to voluntary tonic contraction (10 % of maximal
voluntary contraction). For this, we have calculated i) the area of rectified MEP limited to its
duration (Fig. 1K), ii) the area of pre-stimulus EMG activity during 80 ms, and iii) the
background activity was first estimated from the 80-ms area of pre-stimulus activity and then
related to the same duration as MEP (related background activity). MEP size was then

estimated as followed:

MEP area — Related background activit
MEP = g 4

Mmax area
Then, data for each individual were fitted with the following 3-parameter sigmoid
function (Fig. 1 F-H,L; Carroll et al. 2001; Devanne et al. 1997; Klimstra and Zehr 2008):

Asymptote
Iso—1

(1+e )

Amplitude =

where amplitude of H-reflex (within the ascending phase of the H-reflex recruitment curve;
Fig. 1C-E), M response and MEP is related to its maximal size (upper asymptote of the
recruitment curve), Iso, i.e. the intensity producing half the asymptote (crossover point of the
sigmoid) and k, the growth rate. The peak slope of the linear part of the sigmoid was calculated
to provide an indication of the maximal rate of increase in the magnitude of H-reflex, M

response or MEP with stimulus intensity (44):

(%) Asymptote
4

Peak slope =

For group analysis, M response, H-reflex and MEP were normalized to Mmax (peak-to-peak

amplitude for M response and H-reflex, and its area for MEP). The intensity of peripheral nerve
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stimulations and TMS was normalized to motor threshold (x MT for peripheral nerve, and x

AMT for TMS; Figs. 2A-F, Fig. 5AB).

For Experiment 2, H-reflex was detected if its amplitude exceeded the £ 5 x SD limits of
the level of the 400-ms pre-stimulus activity. In paired-pulse series, we paid attention that the
conditioning stimulus did not produce H-reflex. The probability of paired pulse H-reflex
corresponds to its occurrence on the total number of paired-pulse stimulations; it was
calculated for each ISI (5, 10, 15, 20, 25, 30, 40 and 50 ms) and each test intensity (90, 95, 100,
105 and 110 % of the single-pulse H-reflex threshold intensity). Paired pulse H-reflex
probability was plotted against ISl and test intensity (3D-distribution; Fig. 4AB) and iso-
response curves as a function of ISI and test intensity were calculated using locally weighted
scatterplot smoothing (LOWESS, MATLAB R2022, The MathWorks, Natick, MA; (47); 2D-
distribution, Fig. 4CD). Then, to quantify the rate of decay of population excitatory
postsynaptic potentials (EPSPs), an exponential function was fit to the data of the normalized
stimulus current amplitude as a function of the ISI (time constant = x-intercept of the tangent
at 0 of the 1st derivative). The average of time constants calculated from the 7 iso-probability
contours from 0.4 to 0.7 (with a 0.05 interval) was then calculated to quantify the time course

of the population EPSPs (38, 39).

UMN and LMN scores, and their difference (UMN — LMN scores), were calculated to
determine whether the patients exhibited predominant UMN (difference > 0), or LMN

(difference < 0) or a mixed form (difference = 0) at the time at inclusion:
UMN score = reflex score + Babinski or Hoffmann sign score + MAS score

where the reflex score reflecting tendon reflexes indicates 0 when normal or absent, 1 when
present in wasted muscle, and 2 when brisk; the Babinski or Hoffmann sign score indicates 0
when absent or 1 when present; and the MAS score indicates 0 if the Modified Ashworth Scale

(MAS) < 3, and 1 of > 3 (i.e., with high possibility of muscle clonus).
LMN score = atrophy score + fasciculation score + MRC score

where the atrophy score indicates 0 when absent or 1 when present; the fasciculation score
indicates 0 when absent or 1 when present; and the MRC score indicates 0 when the Medical
Research Council (MRC) grade was 5, 1 if the grade was 4 or 3, and 2 if the grade was between

2 and 0.
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Spike sorting was performed using Spike2 8.07, to extract single motor unit potentials
from EMG. Then, peristimulus time histograms (PSTH, 0.2-ms bins; Awiszus 1997) and
frequencygrams (PSF; Norton et al. 2008; Tirker and Powers 2005) were constructed still
using Spike2 8.07 (script PSF 03e.s2s) to investigate motor unit discharge around stimulation
(Fig. 6AD). We have evaluated the latency and duration of the peak in PSTH, the total number
of bins (% of number of stimulations) within the peak and during its 0.6 first ms (corresponding
to purely monosynaptic EPSP; Pauvert et al. 1998; Pierrot-Deseilligny et al. 1981), the latency
and duration of PSTH cumulative sum (CUSUM), and the latency and duration of PSF CUSUM
corresponding to the first peak in PSTH (both CUSUM calculated using Excel 16.78.3).

Statistics

Statistical analyses were performed using JMP® Pro 16.0.0 (SAS Institute JMP, Brie
Comte Robert, France). The alpha significance level was fixed at 0.05 and the results were
considered statistically significant only if p < 0.05. Mean values are indicated + 1 SD.
Parametric or non-parametric tests were undertaken according to homoscedasticity (assessed
using the Levene median test) and normality (assessed using the Shapiro-Wilk test). Significant
outliers were detected using the inter-quantile range (IQR) method. Effect size was measured
using i) Cohen’s d (50, 51) for 2-mean comparisons, ii) Cohen’s f2 (52) for mixed models and
iii) Cohen’s w (Cohen 1988) for Chi?. Alternatively, mean and 95 % confidence interval (Clss)
are indicated. Linear mixed model analyses on repeated measures were used to perform
multivariate analysis and post hoc analyses were performed using Student t tests on least-
squares means (marginal means). Given the differences in electrophysiological metrics, we
calculated the Clgs in controls and metrics in ALS were classified according to the lower and
upper limits of Clgs in controls. Then, Chi? tests, multiple correspondence analysis and analysis
of variance (ANOVA) were undertaken to evaluate the link between electrophysiological
results and clinical features; Chi?> was also use to compare the proportion of motor units
retained for analysis in controls and patients (Experiment 4). For clarity, the statistical tests

and the parameters included in each test are specifically indicated in Results.

RESULTS

Table 2 near here

H-reflex and M response recruitment curves in upper and lower limbs
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First, we have compared the motor threshold between groups when stimulating PTN
(soleus), FN (quadriceps) and median nerves (FCR; Experiment 1). Mixed model for repeated
measures was built, including the group (controls vs. ALS) as between-subject factor, and the
peripheral nerve (FN vs. PTN vs. median nerve) as within-subject factors. The model (adjusted
r2 = 0.61) did not reveal any significant influence of the group (ALS vs. controls; p = 0.44, f2 =
0.10) and the interaction between factors (group x peripheral nerve) was not significant either
(p = 0.09, f2 = 0.10; no significant outliers, IQR method; Table 2). We then compared the
maximal amplitude of M response and H-reflex still using mixed model analysis and we did
not find any difference between groups (p = 0.44, f>2 = 0.02) and no significant interaction
between factors (group x response type [M response vs. H-reflex] x muscles [FCR vs. soleus vs.
quadriceps]; p = 0.83, f2 = 0.19; no significant outliers, IQR method; Table 2). The absence of
significant differences validates normalization of stimulus intensity to the motor threshold (x
MT) and of both responses to the maximal amplitude of M response (Mmax), to plot the

recruitment curves (17, 54-56).

Figure 2 near here

Figure 2 illustrates the mean amplitude of H-reflex and M response (normalized to Mmax)
plotted against the stimulation intensity (normalized to the motor threshold; x MT), in FCR
(Fig. 2AB), soleus (Fig. 2CD) and quadriceps (Fig. 2EF), in the group of controls (Fig 2A,C,E) and
of patients with ALS (Fig 2B,D,F). The most striking differences between the groups were the
leftward shift and higher asymptote of the H-reflex recruitment curves in ALS. The asymptotes
of H-reflex recruitment curves were compared using mixed model for repeated measures
(adjusted r? = 0.53), including group (controls vs. ALS) as between-subject factor, and muscle
(FCR vs. soleus vs. quadriceps) as within-subject factors. The results confirmed a significant
difference between groups (p < 0.01, f2 = 0.01; no significant outliers, IQR method) and
between muscles (p < 0.01, f2 = 0.01) but no significant interaction between factors (group x
muscle; p = 0.94, f2 = 0.01) indicating that the asymptote of the normalized H-reflex
recruitment curves was greater in ALS whatever the muscle tested (Fig. 2G; post hoc analyses
to compare the marginal means between controls and ALS using Student t tests: p < 0.01 for
FCR, p < 0.05 for soleus and quadriceps). Similar analyses were performed to compare Isg and
peak slopes of both H-reflex and M response recruitment curves (no significant outliers, IQR

method; Table 2). The model for comparing Iso (adjusted r* = 0.94) has revealed significant
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influence of muscle (FCR vs. soleus vs. quadriceps; p < 0.01, f> = 1.44), response type (H-reflex
vs. M response, p < 0.001, f2 = 1.48) and significant interactions between muscle x response
(p <0.001, f2=0.19) and between group x muscle x response type (p < 0.05, f2 = 1.49). Figure
2H shows that Isp for H-reflex was indeed systematically lower in ALS than in controls but the
post hoc pairwise comparisons of marginal means failed to reveal any significant differences
between groups for each muscle (Student t test with 0.18 < p < 0.31), and Iso for M response
was only significantly lower in FCR of ALS as compared to controls (p < 0.05). Regarding the
peak slope, the model (adjusted r?> = 0.23) revealed a significant difference between groups (p
< 0.01, f2< 0.02) and a significant interaction between group x response type (p < 0.05, f2 <
0.02). Figure 2J shows that the peak slope for H-reflex recruitment curve was steeper in ALS
than in controls (post hoc Student t test, p < 0.001; Table 2), whatever the muscle tested
(interaction between group x response x muscle, p = 0.82, f2 < 0.02). Accordingly, we found a
significant increase of the ratio between the peak slopes of H-reflex and M response
recruitment curves whatever the muscle tested (adjusted r? = 0.07, p value for group < 0.05
[f2=0.01], p value for muscle =0.51 [f> = 0.01], p value for interaction between group x muscle
=0.53 [f2=0.01]; marginal means 1.04 + 0.57 vs. 2.87 + 0.59 for controls and ALS, respectively).
All these results indicate that normalized H-reflex was enhanced and more excitable in ALS
than in controls (left shift, steeper linear increase, higher maximal amplitude either estimated
using recruitment curve asymptote or empirical Hmax/Mmax ratio: Student t test to compare H-

reflex asymptote and Hmax/Mmax ratio, p = 0.94, d = 0.001; Table 2).

Figure 3 near here

We calculated the number of patients with increased, similar or decreased H-reflex
asymptote, according to Clgs in the control group, for each muscle (Fig. 3A). Chi? analysis
revealed no significant difference between muscles (p = 0.41, w = 0.3), further confirming that
the normalized H-reflex was significantly increased in ALS, whatever the muscle tested.
Possible link between normalized H-reflex enhancement in ALS (asymptote, peak slope ratio)
and clinical features (onset site, ALSFRS-r, progression, score to MRC scale, UMN and LMN
scores, spasticity [yes or no]), hyperreflexia [yes or no], and riluzole [on or off]) was assessed
using ANOVA taking the muscle origin into account. We only found significant links between
asymptote and (p-values adjusted for muscle factor) i) spasticity (p < 0.001, d = 1.6): the mean

asymptote was 41.7 £ 25.1 % of Mmax in non-spastic patients vs. 72.6 £ 11.8 % in spastic
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patients (Fig. 3C), ii) hyperreflexia (p < 0.05, d = 0.7): the mean asymptote was 38.2 + 13.9 %
of Mmax in patients with either normal or abolished osteotendinous reflex vs. 54.8 + 25.8 % in
patients with exaggerated osteotendinous reflex (Fig. 3D), and iv) with riluzole intake (p < 0.05,
d = 0.6): the mean asymptote was 53.8 + 28.6 % of Mmayx in patients off-riluzole vs. 38.8 + 19.3
% in patients on-riluzole (Fig. 3E). Lastly, we found significantly higher asymptote in patients
exhibiting reduced Mmax in comparison to those with Mmax size falling within the range
observed in the control group (Clgs limits in the control group; p < 0.001 adjusted for the
muscle factor, d = 1.1): 38.8 £ 26.1 % of Mmax in patients with Mmax unchanged vs. 62.8 + 18.5
% Mmax in patients with reduced Mmayx. In each muscle, when Mmax was unchanged in patients,
the mean asymptote was above that of controls (continuous lines in Fig. 3B). When Mmax was
reduced in patients, the difference between groups was even greater and the mean ratio in
patients (and its SD) above the range of controls (Fig. 3B). It is interesting to note that in
controls, no significant correlation was observed between the asymptote of normalized H-
reflex and Mmax (p = 0.19, adjusted for the muscle factor) while a significant negative
correlation was identified in individuals with ALS (p < 0.02). These results indicate that the H-
reflex maximal amplitude in ALS was particularly enhanced in spastic muscles, in presence of
hyperreflexia, and in patients off-riluzole. Moreover, maximal H-reflex was related to Mmax

changes, being even more increased when Mmax was reduced.

Figure 4 near here

Paired-pulse H-reflex in soleus

The objective of Experiment 2 was to investigate the probability of occurrence of H-
reflex in soleus EMG after paired PTN stimulation, to estimate the duration of population
EPSPs. First of all, we compared the amplitude of Mmax and Hmax in soleus EMG (as in
Experiment 1) and we found again that: i) Mmax did not differ between groups (3.0 £ 1.7 vs.
3.5 + 2.3 mV in ALS and controls, respectively; Student t test, p = 0.67, d = 0.2) and the
Hmax/Mmax ratio was significantly greater in ALS (50.9 + 6.2 vs. 26.2 + 15.5 % of Mmax, in ALS
and controls, respectively; Kolmogorov-Smirnov test, p < 0.01, d = 2.1). Then, H-reflex
probability after paired PTN stimulation was plotted against the ISI between pulses and the
test stimulus intensity. Figure 4AB shows the resulting 3D plot in one control (A) and one
patient with ALS (B). The 2D plots in Figure 4CD shows the corresponding iso-probability

curves in the same participants and the exponential decreasing between the test intensity and
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the ISI, especially when the H-reflex probability was between 0.4 and 0.7 (yellow to cyan

curves).

At the group level, we first compared the proportion of stimulating conditions (among
the 40 tested) which led to produce an H-reflex with p > 0.5. Figure 4E illustrates the result in
each individual and Kolmogorov-Smirnov test indicates that the proportion of patients with p
> 0.5 was significantly greater compared to controls (p < 0.05, Cohen d = 1.5; no significant
link with clinical features). This result was not accompanied by a significant difference in the
time constant of the population EPSPs between groups (Kolmogorov-Smirnov test, p =0.47, d
= 0.9; Fig. 4E). We did not find any significant outliers (IQR method) and the 2 patients (#17

and #21) with the largest time constant were not different from the rest of the group.

These results suggest that while the probability to produce H-reflex after paired
stimulations was greater in this group of ALS patients, the time course of population EPSPs

was unchanged compared to controls.

H-reflex and MEP recruitment curves in quadriceps

In Experiment 3, we did not find any significant differences between controls and ALS
when comparing i) Mmax in quadriceps (1.42 £ 1.29 mV in controls vs. 1.62 + 1.09 mV in ALS;
Kolmogorov-Smirnov, p = 0.13, d = 0.2), ii) the background quadriceps EMG activity during
TMS (1.03 £ 0.55 puV/ms in controls vs. 1.17 + 0.64 uV/ms in ALS; Kolmogorov-Smirnov, p =
0.51,d =0.2), and iii) the motor threshold: threshold for M response after FN stimulation (36.3
+ 11.8 mA in controls vs. 32.3 + 12.4 mA in ALS; Student t test, p = 0.24, d = 0.3), and active
motor threshold (AMT) to TMS (44.8 + 10.7 % of maximal stimulator output in controls vs.

48.7 £ 8.1 % in ALS; Student t test, p=0.15, d = 0.4).

Figure 5 near here

Figure 5AB illustrates the mean normalized H-reflex (A) and MEP (B) recruitment curves
in both groups. The adjusted r? of the 3-parameter sigmoid fitting ranged between: i) 0.51 and
0.99 (0.82 + 0.15) for the H-reflex in controls, ii) 0.43 and 1.0 (0.87 + 0.13) for the H-reflex in
ALS, iii) 0.87 and 1.0 (0.96 + 0.04) for the MEP in controls, and iv) 0.63 and 0.99 (0.89 + 0.10)
for the MEP in ALS. Mixed models for repeated measures were built to compare the
asymptote, peak slope and Iso taking into account the group (controls vs. ALS) as between-

subject factor and the response type (H-reflex vs. MEP) as within-subject factors. The models
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revealed a significant interaction between group and the asymptote (adjusted r? = 0.08, p <
0.0001, f2=0.20), Iso (adjusted r? =0.13, p < 0.05, f> = 0.18), and peak slope (adjusted r? = 0.09,
p < 0.01, f2 = 0.20). Post hoc analysis on least-squares means confirmed that i) H-reflex
asymptote was significantly larger in ALS than in controls (Student t test, p < 0.05) while that
for MEPmax Was significantly decreased in ALS (p < 0.001; Fig. 5C). ii) The Iso for MEP was
decreased in ALS (p < 0.01) while that for H-reflex was not modified (p = 0.52; Fig. 5D). And iii)
the peak slope of H-reflex recruitment curve was significantly steeper in ALS (p < 0.01) but
there was no difference between groups for MEP (p = 0.37; Fig. 5E). These results highlight
the different modulations of H-reflex and MEP in ALS, the former being enhanced (asymptote,
peak slope; similar results as Experiment 1) while the latter is depressed. However, it is

interesting to note that half size of maximal MEP is produced at lower intensity in ALS (lso).

According to Clgs in the control group, we counted the number of patients with larger,
similar or smaller H-reflex and MEP asymptotes. Figure 5F illustrates the contingency table
and we found a significant difference in the proportion of patients according to H-reflex and
MEP modifications (Chi?, p < 0.001, w = 0.7). In almost 2/3 of the patients, H-reflex asymptote
was increased (65.4 %) while almost all patients had smaller MEP asymptote (92.3 %)
compared to control group. This outcome, increased H-reflex and decreased MEP, aligned
with the findings observed in 13 out of 26 patients; in all patients with enhanced H-reflex rise,
the MEP was depressed except one. Only 8/26 patients had a smaller Mmax (according to Clgs
in control group): 6/8 exhibited a larger H-reflex and only one a larger MEP as well, the second

patient with a larger MEP, had an Mnax within the control range and a depressed H-reflex.

We then performed a multiple correspondence analysis to evaluate the relative links
between neurophysiological changes and clinical features. Response (H-reflex vs. MEP), onset
site (upper vs. lower limbs vs. bulbar vs. axial), total score to ALSFRS-r (more or less affected,
according to the median score), progression rate (slow vs. faster progressors), ALS form
(predominant UMN, LMN or mixed), riluzole (on vs. off) and spasticity (yes vs. no) were
included in the MCA. The projection of each modality in a 2-dimension plot is illustrated in
Figure 5G. The type of response (H-reflex vs. MEP) particularly contributes to dimension 1
which represents 64.3 % of the deviation from the independence between variables (inertia)
further confirming the difference between both responses: according to the distance between

response type and the modulation of their amplitude, the MEP was decreased and the H-
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reflex more increased in this group of patients (Chi?, p < 0.01). The LMN form of ALS and the
unchanged amplitude of neurophysiological metrics particularly contributed to the dimension
2 which was not significant (35.7 % of the inertia; Chi?, p > 0.05). This analysis primarily
confirms the different modulation of H-reflex (particularly enhanced) and MEP (depressed) in

this group of ALS.

Interestingly, the 2D-plot shows that spastic patients and those off-riluzole are close to
increased amplitude of H-reflex (Fig. 5G). Accordingly, and based on the results from
Experiment 1, we explored potential associations between asymptote and spasticity,
hyperreflexia, and riluzole intake using the Wilcoxon sign rank test. Regarding the H-reflex, we
only observed a significant association with hyperreflexia (p < 0.01, d = 1.5), but not with
spasticity (p = 0.08, d = 0.8) nor with riluzole intake (p = 0.80, d = 0.2). Last, we found the MEP
asymptote significantly associated with spasticity (p < 0.05, d = 0.2), while no significant
associations were found with hyperreflexia (p = 0.45, d = 0.2) or riluzole intake (p = 0.49, d =

0.6).

All these findings suggest that within this patient group, the H-reflex in quadriceps was
found again mostly enhanced while the MEP was particularly depressed. Statistically,
alterations in maximal response size were associated with spasticity (compared to Experiment
1, we only found a tendency for H-reflex being linked to spasticity in this group of patients),

and the H-reflex rise was linked to the manifestation of hyperreflexia.
Corticospinal and peripheral excitations in isolated motoneurons

A total of 190 motor units could be extracted from EMGs in Experiment 4: i) ECR/radial
nerve stimulation: 30 units in 22 controls with significant PSTH peak in 13 units (43.3 %; 11
participants) vs. 20 units in 12 ALS with peak in 7 units (35.0 %; 6 participants; Chi? to compare
controls and patients, p = 0.55, w = 0.1), ii) ECR/TMS: 26 units in 19 controls with significant
PSTH peak in 17 units (65.4 %; 15 participants) vs. 21 units in 12 ALS with peak in 8 units (38.1
%; 6 participants; p = 0.06, w < 0.1), iii) TA/CPN stimulation: 31 units in 23 controls with
significant PSTH peak in 10 units (32.3 %; 10 participants) vs. 16 units in 11 ALS with peak in
13 units (81.3 %; 8 participants; p < 0.01, w < 0.1), and iv) TA/TMS: 30 units in 23 controls with
significant PSTH peak in 13 units (43.3 %; 13 participants) vs. 16 units in 11 ALS with peakin 3
units (18.6 %; 3 participants; p = 0.09, w < 0.1). We thus observed a greater proportion of

significant peaks in TA PSTHs after peripheral stimulation but there were no clinical features
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that could explain this result (e.g., more altered TA compared to ECR but this was not the case;

Table 1).

Figure 6 near here

Table 3 near here

Figure 6AB illustrates PSTHs and their CUSUM from one single ECR motor unit around
stimulation (radial nerve) in one control and one ALS patient, and their corresponding PSFs
and CUSUM are shown in Figure 6CD. In both participants, we observed an increased in motor
unit discharge at about 35 ms after stimulation (the peak in PSTH and PSF has longer latency
as compared to H-reflex in ECR due to motor unit trigger delay). Table 3 resumes all the data
on motor units and their peaks in PSTHs and PSFs that were analyzed in controls and patients

with ALS.

At the group level, we first compared the threshold intensity for stimulation-induced
motor response in the target muscle between controls and ALS: i) radial nerve stimulation:
MT =12.2 £+ 5.9 mAin controls vs. 12.2 + 2.5 mA in ALS (Kolmogorov-Smirnov test, p = 0.78, d
=0), ii) CPN stimulation: MT = 7.4 + 2.6 mA in controls vs. 6.2 + 1.9 mA in ALS (Student t test,
p =0.23, d = 0.5), iii) TMS over ECR motor cortex: AMT = 45.1 + 8.4 % of MSO in controls vs.
48.7 £ 10.9 % of MSO in ALS (Student t test, p = 0.42, d = 0.4), and iv) TMS over TA motor
cortex: AMT = 46.5 £ 9.0 % of MSO in controls vs. 44.7 + 9.6 % of MSO in ALS (Student t test,
p =0.79, d = 0.2). Then, we performed multivariate analyses using linear mixed models on
repeated measures to determine whether the characteristics of motor unit responses in PSTHs
and PSFs were significantly different between groups. For all parameters in Table 3, we tested
the group (controls vs. ALS) as between-subject factor and, as within-subject factors, the
muscle (ECR vs. TA) and the stimulation type (peripheral nerve stimulation vs. TMS). We did
not find any significant results (Table 3). Figure 6EF show the grand average of the initial 0.6-

ms of the peaks in PSTH and that of PSF duration, revealing no difference between groups.

All these results suggest that single motor unit response to peripheral nerve stimulation

and TMS was unchanged in ALS, compared to controls.

DISCUSSION

In this study, we explored EMG in muscle groups where the majority of patients

displayed no clinical dysfunction as evidenced by the MRC scores. This was further supported
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by similar mean Mmaxamplitudes in controls and patients. The recruitment curves of H-reflex
and M response were systematically investigated in FCR, soleus, and quadriceps, and they
revealed specific enhancement of H-reflex in all the 3 muscles (increased asymptote and peak
slope, decreased Isg). In quadriceps, this result was accompanied with a reduction in MEP, and
these changes were associated with spasticity. The H-reflex rise was also linked to the
presence of hyperreflexia, and particularly observed in patients off-riluzole. Lastly, this study
revealed that both unitary and population EPSPs, respectively assessed through single motor

unit discharge and paired-pulse H-reflex, were not modified in ALS.
Methodological and physiological considerations

The first studies on ALS-related H-reflex changes date back only to the 1990s, revealing
an initial increase in the Hmax/Mmax ratio, followed by a decline as the disease progressed.
Despite the absence of a clear link with the clinical phenotype, patients with a higher ratio
exhibited a better prognosis (16, 57, 58). However, subsequent studies have not confirmed
the rise phase, and have mainly reported that the ratio was decreased or unchanged (13, 14,
17). In many of these studies, Mmax amplitude was either not reported or was decreased in
patients, making it difficult to interpret ratio changes. Clinically, the patient groups were
relatively comparable across studies in terms of disease duration, functional status (ALSFRS-
r), and UMN involvement, resembling the present group of patients. However, none of
previous studies documented the clinical assessment of the muscle involved (soleus). Yet,

considering the decline in Mnay, it can be inferred that soleus was impaired.

Seemingly straightforward, the H-reflex technique conceals nuances that demand
stringent experimental protocols and meticulous data interpretation. Important
methodological principles include the study of the recruitment curve and the normalization
of the H-reflex to Mmax, and of the intensity to the motor threshold (x MT), all estimated under
the same experimental conditions to prevent any distortion of the ratios and potential
misinterpretation (56). Mmax is indeed considered as a physiological constant, i.e. the maximal
compound muscle action potential (CMAP) evoked in EMG when all LMNs are activated. It is
commonly used to normalize other CMAPs like H-reflex or MEP, for a more reliable intra- and
inter-individual comparisons (59, 60). However, a small Mnax value results in a larger ratio,
irrespective of any alteration in the potential of interest (H-reflex or MEP). This arithmetical

bias emphasizes the importance of comparing Mmax values between groups, and the validity
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of such group comparisons hinges on the comparability of Mmax. In the control group of the
present study, there was no correlation between the Mmax size and the Hmax/Mmax ratio
(estimated using the asymptote of the normalized H-reflex recruitment curve), suggesting that
the reflex volley has activated the same proportion of LMNs in all healthy participants. In
contrast, in the patient group, we found a negative correlation between Mmax and the ratio.
However, the ratio was increased even in patients whose Mmax was within the same range of
the control group. This result confirms that irrespective of Mmax size, the H-reflex was
enhanced in patients with no functional impairment of the target muscle, either clinically
(MRC score) or electrophysiologically (Mmax amplitude). In patients with reduced Mmax, the
ratio was even more increased, which raises questions. Indeed, the peripheral denervation
increases the probability of collision between the orthodromically-conducted H-reflex
discharge and the antidromically-conducted impulses in motor axons (17), which likely
underlies the reduction of the mean H-reflex amplitude with disease progression (16). In the
aforementioned study, the authors did not standardize the H-reflex in relation to Mmax.
Instead, they examined variations in its amplitude based on the M response amplitude. They
found that, for a comparable M response amplitude, the reflex diminished with disease
progression (16). Mmax normalization is a valuable method for comparing responses across
groups, whether H-reflexes or MEPs. Yet, the interpretability depends on the comparability of
Mmax Size among the groups and the level of peripheral denervation. Accordingly, we also
investigated the recruitment curves of non-normalized (raw) H-reflex, M response and MEP,
and we found similar results as normalized data: i) Mmax tend to decrease in ALS (something
that one could expect), and the Hmay, to increase, but the difference between groups was not
significant, ii) their ratio was decreased in ALS, specifically in spastic and hyperreflexic
patients, and those off-riluzole and iii) the MEPmax was significantly depressed in ALS groups

(Supplemental data 1).

Examining other parameters of the H-reflex recruitment curve, such as Isp and peak
slope, offers insights into the excitability of the reflex pathway, regardless of the amplitude of
EMG responses. However, normalizing the stimulation intensity can also distort the results.
The peripheral nerve stimulation is usually normalized to the motor threshold (x MT). With
the peripheral denervation affecting primarily large diameter motor axons in ALS (22, 61), the

motor threshold increases with ALS progression (Table 3). Since more resilient (slow) LMNs
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are first activated by the reflex pathway (Henneman size principle; Henneman and Mendell
1981), the threshold for H-reflex might be unchanged, and this interferes with the Isp and peak
slope estimation. Analyzing recruitment curves using raw non-normalized intensity did not
reveal any change in Isgp and peak slope (Table 1 in Supplemental data 1). However, we found
again a steeper increase of H-reflex size when plotting the normalized H-reflex against the

intensity in mA (Table 2 in Supplemental data 1).

Whatever the method used to analyze the results, we consistently found the H-reflex
enhanced in the patient groups we studied.-This finding aligns with our experience that the H-
reflex was more easily evoked in patients compared to controls, especially in the elderly (>

70), and results of Experiment 3 (Fig. 4E).
Corticospinal excitability and degeneration

While previous researches primarily concentrated on the soleus H-reflex, reporting
heterogeneous results likely associated with LMN involvement, our study reveals that among
muscles in which H-reflex is easily and reliably elicited (soleus, FCR, quadriceps; Burke 2016),
patients exhibit an increased Hmax/Mmax ratio, irrespective of the site of the first clinical
symptoms. In the early stages of the disease, LMN loss is offset by collateral reinnervation,
preserving muscle strength (62, 63), and motor unit potentials are enlarged, disrupting the
relationship between EMG power and force (41, 64, 65). Such neuromuscular plasticity thus
allows the preservation of Mmax amplitude for a while, as the enlargement of motor unit
potentials conceal the loss of LMINs. Considering that resilient LMNs are among the first ones
activated by the reflex afferent volley (22, 24, 61), the increased in Hmax/Mmax ratio in ALS may
stem from the activation of motor units with larger amplitude compared to those activated in
controls. This results in a larger H-reflex, even though the proportion of motor units could be
equal or potentially lower. Nevertheless, in a groundbreaking approach, our study
systematically examined the H-reflex and MEP in the same participants, during the same
experimental session. Contrary to H-reflex, the MEP size was found reduced. Even if it has
been established that for a valid comparison, H-reflex and MEP should be assessed under
consistent conditions (either at rest or during contractions; Morita et al. 2000), we assume
that both the peripheral afferent volley and the TMS-induced corticospinal outputs have
engaged LMNs within the same pool (low-threshold, resilient LMNs; Henneman's size

principle). Furthermore, the findings on individual motor units provide additional backing for
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the notion that both the peripheral and corticospinal volleys have activated resilient LMNs in
a similar manner in both groups. Consequently, there is a minimal likelihood that the
intensified H-reflex in ALS can solely be attributed to the activation of large motor unit

potentials.

Various neurophysiological mechanisms may account for the rise in the H-reflex, among
which LMN hyperexcitability; a hypothesis that has been historically prominent in ALS.
However, this idea has been challenged by recent findings in both mouse models and humans,
demonstrating that resilient LMNs or those about to die are normo-to-hypoexcitable (41, 67—
69). Another possibility is an imbalance in the spinal excitation/inhibition ratio controlling
LMN excitability, consequently influencing the H-reflex. Despite its monosynaptic origin, the
H-reflex is indeed modulated by several inhibitory mechanisms that limit its magnitude (26,
70). Previous studies have reported impairment of these mechanisms in ALS (13, 20, 25, 40,
71-73). Nonetheless, the inconsistency in findings between H-reflex and MEP results cannot
be clarified by reduced post-synaptic inhibitory mechanisms such as reciprocal and recurrent
inhibitions, or after-hyperpolarization. Instead, a decline in presynaptic mechanisms, including
inhibition of group la terminals and post-activation depression, would affect H-reflex
amplitude but not the MEP size (74, 75). Presynaptic inhibition is indeed particularly
depressed in ALS (13, 25, 76, 77), and can affect both homonymous and heteronymous group
la monosynaptic excitation to LMNs (78, 79). The alteration of post-activation depression has
been studied to a much lesser extent in ALS but it has also been found depressed in both

mouse models and patients (40, 71, 73).

To further assess the transmission of peripheral and descending inputs to LMNs, we
examined peaks in PSTHs, and their initial 0.6 ms to narrow the investigation to the purely
monosynaptic portion of the EPSPs (34, 35). We did not find any difference between controls
and patients with ALS (for all parameters tested). We also investigated the PSFs, which give a
more reliable estimation of unitary EPSPs (36, 37). Here again, there were no distinctions
between groups following both peripheral nerve stimulation and TMS. Several mechanisms
may explain why the results of CMAPs (H-reflex and MEP) and isolated motor units do not
align. Firstly, CMAPs result from the activation of a number of LMNs and are therefore more
sensitive to the repercussions of LMN loss and changes in the properties of suffering LMNs

(presumably hypo-excitable; Marchand-Pauvert et al. 2019; Martinez-Silva et al. 2018).
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However, the paired-pulse H-reflex technique, used to assess population EPSPs (38, 39), failed
to reveal any difference between the groups either. These results suggest that the amplitude
of the rising phase of unitary EPSPs and the time course of population EPSPs were not
modified in patients. Given that presynaptic inhibition and post-activation depression are
diminished in ALS patients, we would have expected to observe results supporting enhanced
group la-induced EPSPs. However, this was not the case as reported previously in PSTHs from
patients with ALS (28, 80). Given that presynaptic inhibition and post-activation depression
can individually govern the magnitude of the H-reflex, it is conceivable that these spinal
mechanisms might similarly impact the size of EPSPs, rather than solely affecting the time
course of the EPSPs (39). Translating recent findings in mice showing a decrease in
monosynaptic EPSPs (19), a reduction in presynaptic inhibition and post-activation depression
might have compensated for a possible EPSP decrease in patients, making the net output of

LMNs comparable to controls.

Regarding corticospinal EPSPs, a decrease in monosynaptic EPSPs and descending dive
due to ALS-related pyramidal dysfunction support the decrease in MEPs but not the absence
of peak changes in the PSTH. One possible hypothesis is the involvement of interneurons in
the transmission of the descending command en route to LMNs, particularly propriospinal
interneurons (34, 81-84). Non-monosynaptic corticospinal transmission must indeed be
considered, depending on the muscle groups under study. This is particularly relevant to the
targeted muscle groups in the present study, in contrast to the intrinsic muscles of the hand,
which are predominantly, if not exclusively, controlled by the direct cortico-motoneuron
pathway (85-87). While the propriospinal relay has indeed a greater impact on the
transmission of the descending command compared to sensory feedback (MEP amplitude is
modified to a greater extent than that of H-reflex; Nicolas et al. 2001), the involvement of
these interneurons may compensate for the hypo-activation of LMNs, stemming from altered
corticospinal inputs and likely reduced EPSPs (19). However, this compensation does not
elucidate why MEPs experienced a significant reduction. It has been demonstrated that the
distribution of propriospinal inputs is heterogeneous within the LMN pool, countering
recruitment based on the Henneman's principle (89, 90). This heterogeneity allows for a fast
activation of high-threshold LMNs crucial for ballistic movements. These LMNs are particularly

vulnerable in ALS and are among the first to degenerate (22, 61). This ALS-related type-specific
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LMN degeneration may clarify our observation of a distinct decrease in MEPs with no
concurrent change in unitary EPSPs since only resistant low-threshold LMNs were investigated

using PSTH/PSF.

Several studies have been conducted to monitor ALS-related changes in TMS responses.
As the disease progresses, the motor threshold increases, the MEP size decreases, especially
in lower limbs, and the primary peak in PSTH is reduced but exhibits a longer duration along
with the emergence of multiple sub-peaks (desynchronization; De Carvalho and Swash 2023;
Grapperon et al. 2021; Weber et al. 2000; Weber and Eisen 2000). Our PSTH results differ from
those reported previously since the latency, duration and size of the primary peak were
comparable between groups. In particularly, we did not observe multiple peaks, a reliable
feature of TMS PSTH primary peak in ALS, which intensified as the disease progresses (33).
This might be explained by the fact that most studies focused on hand muscles, which were
likely more altered than the muscles investigated here. In addition, the corticospinal inputs to
hand muscle LMNs are transmitted through the direct cortico-motoneuron pathway, not
allowing compensation by interneurons. Moreover, it has been demonstrated that PSTH is an
unreliable method for assessing multiple EPSPs in single LMNs, whereas PSF has proven to be
more reliable for evaluating consecutive EPSPs (36, 37). Therefore, the current PSF data do
not support a change in corticospinal EPSPs in ALS patients, at least in the muscle groups
investigated which were not clinically affected. Otherwise, we would have anticipated a
decrease in PSF CUSUM duration in patients, attributable to the truncation of the first EPSP

by subsequent ones.

Interestingly, we found that MEP Iso was increased in the patient group which might be
related to the specific influence of cortical excitability in MEP threshold (92, 93), and cortical

hyperexcitability in ALS (94).
Clinical impact

The present study has shown that the Hmax/Mmax ratio was increased in patients, in all
the 3 muscles tested. To our knowledge, it is the first study in ALS in which H-reflex was tested
systematically in different muscles taking into account the state of the targeted muscle, from
clinical and electrophysiological viewpoints. We found a recent abstract reporting increased
Hmax/Mmax ratio in soleus (with reduced Mmax) together with presence of H-reflex in abductor

pollicis brevis (APB), abductor digiti minimi (ADM), abductor hallucis (AH), FCR and extensor
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digitorum (ED); H-reflexes in hand and forearm muscles were only observed in patients with
ALS (95). All these results suggest that the rise in H-reflex in ALS is likely to be a general
phenomenon, not just limited to certain muscle groups. Furthermore, our study revealed that
the increased H-reflex correlates with exaggerated osteotendinous reflexes and spasticity, but
may be reduced when patients are on riluzole (an effect not consistently found in the
subgroups tested). These findings are entirely consistent with what might be expected in case

of pyramidal syndrome (Alvarez et al. 2018; Delwaide 1989).

Can the H-reflex be used as a marker? From a practical standpoint, its evaluation in a
clinical setting appears no more informative than the conventional motor neurological
examination. However, the Hmax/Mmax ratio is a reliable quantitative measure that proves
useful in clinical trials, provided that normalization by Mmax allows valid interpretation
according to patient status; the reported variability in results across previous studies likely
arises from the clinical heterogeneity. Despite its seemingly straightforward nature, the
method harbors several pitfalls, especially when applied to muscles other than the soleus, for
which the technique is relatively easy. In muscles like FCR and quadriceps, the delay between
the M response and the H-reflex may not always be sufficient to adequately distinguish
between the two responses. If the M response has a lower threshold than the reflex response,
which is often the case in FCR and quadriceps, the overlap between the two responses can
lead to misinterpretation of the observed EMG responses (e.g., mistaking the tail of the M
response for the H-reflex). Moreover, caution is warranted when dealing with H-reflex in hand
muscles. In a distinct clinical context, our team identified, at the threshold of the M response,
a reflex-like response in ADM in a completely deafferented patient (Supplemental data 2),
likely resulting from F-wave activation. Considering the increased occurrence frequency and
enhanced amplitude of F waves in ALS (Fang et al. 2015), it is prudent to restrict the study of
reflexes in hand muscles to intensities below the M response threshold, using a double-pulse

protocol with an ISl of 5 ms to facilitate the production of H-reflex response in the EMG.

Regarding TMS, similar to the H-reflex, caution is warranted when interpreting
normalization by Mmax; an observed increase in MEPmax/Mmax ratio may be solely attributable
to a decrease in Mmax. Extensive literature exists on the role of TMS in assessing corticospinal
transmission and changes in cortical excitability (8, 91, 96). However, the progression of the

disease is marked by a gradual rise in motor threshold and the disappearance of MEPs linked

-27 -



820
821
822
823
824

825

826
827
828
829
830
831
832
833
834
835
836
837
838
839
840
841
842

843

844
845
846
847
848
849

to both UMN and LMN degeneration. This limits the applicability of TMS to more advanced
disease stages and its relevance for longitudinal follow-up studies. Hence, it becomes crucial
to explore alternatives to TMS that are less reliant on patients' responsiveness to stimuli and
LMN involvement. Modalities such as EEG or MEG present promising avenues for identifying

new biomarkers that could offer more robust insights into disease progression (5, 97).

CONCLUSION

CMAPs including Mmax, H-reflex and MEPs change over the disease course and the
normalization to Mmax currently used in neurophysiological studies may lead to
misinterpretation due to LMN degeneration. In muscles where there is no clinical nor
electrophysiological evidence indicating significant peripheral involvement, H-reflex is
enhanced and the MEP is decreased. These changes were linked to exaggerated
osteotendinous reflexes and spasticity; two clinical manifestations associated with pyramidal
syndrome. However, changes in the H reflex and MEP are not paralleled with changes in
monosynaptic PPSEs transmitted by group la proprioceptive afferents and corticospinal
inputs. Compensatory mechanisms likely involving interneurons maintain the homeostasis of
resilient motoneurons (98), masking a possible depression of purely monosynaptic EPSPs as
reported in the mouse model, but this hypothesis needs to be confirmed with longitudinal
studies. H-reflex does not add value to the classic neurological motor assessment. However,
its normalized amplitude, if not misinterpreted, provides a reliable quantitative marker for
clinical trials for which quantitative assessment of hyperreflexia or spinal hyperexcitability is
necessary. The lack of association with disease onset makes it sufficient to limit the
assessment to soleus, given its ease of use and the fact that it is not among the first muscles

typically affected.
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TABLES

1168

Table 1: ALS group

1169

LMN

UMN

ALSFRS-r Progression MRC
TA

Duration

Site

ECR

FCR

Sol

0,4
0,1

40

18

UL

47

LL
UL

0,2

34
33
38
39
24
34
43

59
14
22
33

11
0,5
0,3

UL

UL
Bulb.

SV

1,7
1,3

0,1

14
11
48

Bulb.

7V

LL
Bulb.

SV

0,7
0,9

38
42

LL 14

UL

10
11*
12*

0,6
0,2

44

UL

39
36
41

LL 41

Bulb.

13*

0,2

63

14*7
15*
16
17
18

0,2

46

UL

0,8

10 40

LL

LL

UL
Bulb.

0,6
0,2

43

44

25
10

0,4
0,2

44

19*
20
21*

47

Bulb.

0,1

44

27

UL

1,4
4,0
0,3
0,3
0,1

35
40

LL
LL
LL
UL

22*V
23

36
45

46

24*
25*
26*
27*
28*

11
72

40

UL

0,5
0,3
0,2

40

15
16
17
23

UL

44

LL
UL

45

29*V
30*
31*
32%
33*
34*
35
36

0,3

42

LL
LL
LL
LL
UL

2,4
0,4
0,4
0,3

36
39
43

21

14

45

1,0
5,0

0,2

39
33
47

UL

UL

LL
UL

372
38*
39

0,4
0,2

39
45

25
16
24
23
13
21
28
27

UL

0,3
0,5
0,1

41

LL
Bulb.

40*
41*
42

36
47

UL

0,5
0,3
0,3

38
40

LL
UL

43*Y

44*V
45

39
38
43

LL
LL
Axial

0,7

14
14

46*Y
47

0,4
0,6
0,3

44

Bulb.

48

LL 20 42

uL

49*V
50

0,6

40

14
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51* LL 70 40 0,1 5 5 3 5 5 0 3
52*V Bulb. 13 41 0,5 5 5 5 5 5 3 4
53* UL 12 40 0,7 5 2 5 5 5 3 2
54 Bulb. 11 45 0,3 5 5 5 4 5 0 2
55%* LL 15 42 0,4 5 5 5 5 5 2 0
1170  Columns, from left to right, indicate the number of the patient with * when ON riluzole (50
1171  mgtwice a day), ¥ when spastic and © when genetic form (C9orf72), site of onset (upper limbs
1172 UL, lower limbs LL, bulbar Bulb. and Axial), time since first symptoms (Duration in months),
1173  score to ALSFRS-r (maximal score 48), mean progression rate since the first symptoms (=
1174  ALSFRS-r score — 48 / duration), score to muscle testing according to MRC scale (normal score
1175  5), upper motoneuron score (UMN) and lower motor neuron score (LMN).
1176
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1177  Table 2: Recruitment curve parameters for H-reflex and M response in the 3 muscles tested
FCR Soleus Quadriceps
Controls ALS Controls ALS Controls ALS
Motor Threshold (mA) 17.3+109 20.8+113 17.3+10.9 20.8+11.3 29.8+10.7 36.9+145
Mmax (mV) 25+15 1.7+1.0 3.8+34 3.0+21 1.9+1.2 1.4+0.6
Hmax (mV) 0.3+0.2 0.5+03 1.3+15 14+1.2 0.5+03 0.7+0.4
Hmax/Mmax (%Mumax) 14.3+188 37.2+21.8 32.8+228 54.3+271 329+204 53.1%275
H-reflex asymptote (%Mn.) 14.9+19.4 37.7+225 32.4+231 52.1+264 33.7+20.7 53.7+279
M response lIso (xMT) 2011 14+05 2.5+10 2.6+10 2.1+09 1.7+06
M response peak slope 138.9 181.9 93.4 121.9 124.6 167.2
+55.4 +169.8 +52.4 +109.8 +79.8 +103.0
M curve adjusted r? 0.97+0.03 0.97+0.02 0.97+0.02 0.98+0.01 0.98+0.03 0.96+0.03
H-reflex Iso (xMT) 1.5+07 1.1+04 1.7+09 14+05 1.7+06 1.4+05
H-reflex peak slope 82.6 317.5 151.3 271.8 90.3 301.1
+106.9 +495.3 +229.9 +299.1 +125.2 +516.0
H curve adjusted r? 0.92+0.10 0.96+003 0.92z+011 0.98+0.01 0.95%0.03 0.96+0.05
Peak slope ratio 0.7+09 19+31 1.6+2.0 29+22 0.8+09 3.9+86

1178
1179
1180
1181
1182
1183
1184
1185
1186
1187
1188
1189

1190
1191

of H-reflex and M response recruitment curves.

-40 -

Columns, from left to right, measurements (mean + 1 SD) for each group (Controls, ALS) and
each muscle tested (FCR, soleus, quadriceps). Lines, indicate the measurements with from top
to bottom: the threshold intensity for M-response (Motor threshold in mA) in FCR, soleus and
guadriceps after median nerve, PTN and FN stimulations, respectively; Maximal amplitude of
M response produced in the corresponding EMG (Mmax in mV); Maximal amplitude of H-reflex
produced in the corresponding EMG (Hmax in mV); Ratio between maximal amplitudes
normalized to Mmax (Hmax/Mmax as @ % of Mmax); Asymptote of the H-reflex recruitment curve
(% of Mmax); Iso of the M response recruitment curves (normalized to the motor threshold,
XMT); Peak slope of the M response recruitment curve and below its mean adjusted r?; Iso of
the H-reflex recruitment curves (normalized to the motor threshold, xMT); Peak slope of the

H-reflex recruitment curve and below its mean adjusted r?; Last row, ratio of the peak slopes



1192 Table 3: Characteristics of PSTH and PSF from isolated motor units
ECR TA
Peripheral T™MS Peripheral T™MS
Number of CTRL ALS CTRL ALS CTRL ALS CTRL ALS
units/individuals 13/11 7/6 17/15 8/6 10/10 13/8 13/13 3/3
Peak latency (ms) 19.2 18.3 17.6 18.0 36.8 29.9 34.8 29.1
+10.5 +6.1 +3.3 +5.6 +5.2 +4.9 +6.0 +6.1
r’= 0.97, Pgroup = 0.22 (fZ = O), Pinteraction = 0.71 (fZ = 0)
Peak duration (ms) 2.5 2.4 2.7 3.0 34 3.1 3.1 3.0
+0.8 +1.1 +1.3 +1.7 +1.4 +1.2 +1.4 +0.9
rz = 0.14, pgroup = 0.88 (fz = 0.31), pinteraction = 0.73 (fZ = 0.56)
Total counts (%) 17.0 30.4 19.5 15.1 24.8 17.1 14.9 13.5
- +8.8 +25.8 +9.7 +8.8 +7.3 +9.2 +4.3 +5.8
E r2 = 0.90, pgroup = 0.99 (fZ = O), pinteraction = 0.13 (fZ = 0)
0.6-ms counts (%) 4.9 5.8 4.9 3.8 4.4 3.8 3.3 3.6

+4.8 4.2 3.2 2.3 5.1 29 +1.1 +2.1
rz = 0.56, pgroup = 0.92 (fz = 0.01), pinteraction = 0.48 (fZ = 0.04)

CUSUM latency (ms) 18.9 17.9 17.2 17.1 36.7 29.8 33.0 29.2
4.2 6.5 £33 5.1 54 5.0 6.2 +6.1

rz = 0.98, pgroup = 0.13 (f2 = 0), pinteraction = 0.85 (fz = 0.01)
CUSUM duration (ms) 3.0 35 3.2 5.4 4.9 8.1 5.3 3.1
+1.2 t1.4 +1.3 29 2.3 +15.3 4.0 +1.4

rz = 0.94, pgroup = 0.69 (f2 = 0.02), pinteracﬁon = 0.18 (fz = 0)

CUSUM latency (ms) 19.9 18.2 16.4 17.9 37.2 30.1 30.7 30.2.3
£55 £6.5 3.0 t6.1 t51 £5.2 +14.0 +5.2

E r2 =0.98, pgroup = 0.91 (f2 = 0.02), Pinteraction = 0.99 (f?> = 0.06)
CUSUM duration (ms)  18.0 49.8 22.9 27.3 20.6 32.3 30.8 25.5
+10.8 +34.3 +14.1 +17.6 +21.0 +17.9 +20.6 +16.6
r2 =0.15, pgroup = 0.07 (f2 = 0.02), Pinteraction = 0.77 (f> = 0)

1193  Columns, from left to right, indicate the method (PSTH and PSF), the mean results for each
1194  group (CTRL = control vs. ALS) and muscle (ECR and TA) after peripheral nerve stimulation
1195 (radial nerve for ECR and CPN for TA) and TMS over the primary motor cortex (at the hotspot
1196 for the corresponding muscle). Below each condition, number of motor units
1197  investigated/number of individuals. Lines indicates, from top to bottom, the PSTH peak

-41 -



1198
1199
1200
1201
1202
1203
1204
1205

latency, the PSTH peak duration, the total number of counts in PSTH peak (% of total number
of stimulations), the number of counts in PSTH peak within its 0.6-ms first bins (% of total
number of stimulations), PSTH CUSUM latency and duration, and the two last lines indicate
the PSF CUSUM latency and duration. Mean value £ 1 SD for each condition is indicated in
each corresponding cell and the line below include the statistics with adjusted r? of the model,
p value for group factor (pgroup), for the interaction between factors group x muscle x

stimulation type (pinteraction), and effect size (f2).
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FIGURE LEGENDS

Figure 1. AB: sketches illustrating the experimental paradigms in upper (A) and lower limbs
(B). C-E: mean H-reflex and M response (n = 5) in one control in FCR (C), soleus (D) and
quadriceps (E) at 4 representative stimulus intensities between threshold intensity and
intensity for Hmax and Mmax. Vertical dotted lines indicate the window for determining peak-
to-peak amplitude of M response (red dots) and of H-reflex (blue dots). F-H: mean amplitudes
(mV) plotted against the stimulus intensity (mA) in FCR (F), soleus (G) and quadriceps (H) in
the same control, with blue and red dots representing the empirical measures of H-reflex and
M response, respectively, and the line, the 3-parameter sigmoid fitting in blue for H-reflex
(only the ascending phase of its recruitment curve) and red for M response. I: Design for
paired-pulse H reflex (Experiment 2), starting with a series of 10 single pulses with sequential
alternation of 5 test and 5 conditioning pulses (1-Hz stimulation rate) followed by the first
series of 20 paired pulses at a given ISl (ISl1-s) randomly determined. We repeated the same
sequence 8 times to test the 8 ISIs between paired pulses. Accordingly, one acquisition session
consisted of this sequence of 16 alternating blocks of single and paired pulses. JK: mean raw
(n =10; J) and corresponding rectified MEP (K) produced in VL EMG at 4 representative TMS
intensities (% MSO) between threshold intensity and intensity for MEPmax, in one control;
vertical dotted lines in K define the window of analysis. L: mean MEP size (normalized to Mmax
area) plotted against TMS intensity (% of MSO) in the same participant with the line

representing the 3-parameter sigmoid fitting.

Figure 2. A-F: mean H-reflex (blue lines) and M response (red lines) recruitment curves in the
group of controls (n = 16; left part) and the group of ALS (n = 15; right part), in FCR (AB), soleus
(CD) and quadriceps (EF), plotted using the mean of the 3 parameters of the sigmoid fitting in
each group (k, Iso and asymptote) extracted from the recruitment curves in each participant
(with H-reflex and M response amplitudes normalized to Mmax and the intensity of the
peripheral nerve stimulation, to the motor threshold, x MT). The confidence bands have been
calculated using the Clgs of each parameter, in each group: the darkest band was based on the
Clgs of each parameter around the mean of the other parameters and the lightest band, by
changing all the parameters in their Clgs simultaneously. The Y-axis indicates the amplitude of
the responses (as % of Mmax) and the X-axis, the stimulus intensity (x MT). G-J: Marginal means

estimated from the mixed models representing the prediction for H-reflex maximal amplitude
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(asymptote % Mmax; G), for the H-reflex Iso (H) and M response lso (x MT; /), and the peak slope
of the H-reflex and M response recruitment curves, whatever the muscle tested (J). * p < 0.05,

** p<0.001, *** p < 0.0001.

Figure 3. A: number of patients with normalized H-reflex asymptote (% of Mmax) > to the upper
limit of Clgs in controls (] increased; orange), within the limits (¢> unchanged; yellow) and <
to the lower limit ({, decreased; green). B: mean normalized H-reflex asymptote (% of Mmax £
SD) in FCR (blue), soleus (green), and quadriceps (Quad., red) in the subgroup of patients with
unchanged (left part of the figurine) or reduced Mmax (right part) according to the Clss lower
limit in controls. Mean normalized H-reflex asymptotes in controls are illustrated by
continuous line in each muscle (same color legend) £ SD illustrated by interrupted lines (same
color legend). C-D: box plots illustrating the variability of normalized H-reflex asymptote (% of
Mmax) in spastic and non-spastic muscles (C), in muscles with normal/abolished or exaggerated
osteotendinous reflexes (D) and in the subgroup of patients OFF or ON riluzole (E): the lower
limit of the box indicates the 25th percentile (1st quartile, Q1), the upper limit, the 75th
percentile (3rd quartile, Q3), the continuous line within the box, the mean and the cross, the
median. The lines that extend from the box (whiskers) are limited to minimum and maximum
values and those above or below the end of the whiskers are outliers. * p <0.05, ** p <0.001,

*¥% 1 < 0.0001.

Figure 4. A-B: probability of occurrence of H-reflex in soleus EMG after paired pulse PTN
stimulation plotted against intensity of the second (test) pulse (x H-reflex threshold) and ISl
between paired pulses (ms), in one control (A) and one ALS (B). The jet color map illustrates
the probability from 0 in dark blue to 1 in dark red. A-B: iso-probability curves in the same
participants, according to the jet color gradient as in AB, plotted against the decreasing
intensity (x H-reflex threshold) and the ISI between paired pulses (ms). E: proportion of H-
reflex occurring with p 2 0.5 after paired pulse PTN stimulation; each black dot represents one
control and each red dot, one patient with ALS. F: mean time constant (ms), in each control

and each patient with ALS (black and red dots as in E). * p < 0.05.

Figure 5. A-B: mean normalized (% of Mmax) quadriceps H-reflex (A) and MEP (B) recruitment
curves in the group of controls (n = 28; black) and the group of ALS (n = 26; red), plotted using
the mean of the 3 parameters of the sigmoid fitting in each group (k, Iso and asymptote)

extracted from the recruitment curves in each participant (with H-reflex and MEP amplitudes
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normalized to Mmax) and the stimulation intensities normalized to motor threshold (x MT for
the FN stimulation, A; x AMT for TMS, B). The confidence bands as in Fig. 2. C-E, marginal
means (x Clgs) of asymptote (C), Iso (D) and peak slope (E) for H-reflex (left part of the figurine)
and MEP (right part of the figurine). F: number of patients with increased (orange), similar
(yellow) or decreased (green) Hmax/Mmax and MEPmax/Mmax (% of Mmax), according to the Clgs
upper and lower limits in the control group. G: plots illustrating the projection of variable
modalities in two dimensions corresponding to X and Y axes, according to their inertia (A;
deviation from independence: the greater the value the larger the dependency). Modalities
include the changes in normalized Hmax and MEPmax (red diamonds; Unchanged, Increased,
Decreased), response type (blue dots; H-reflex vs. MEP), site of onset (black dots; UL for upper
limbs, LL for lower limbs, B for bulbar, axial), qualitative ALSFRS-r according to the median
score in the group (pink dots; A+ for more affected = patients with score < 41 and A- for less
affected = patients with score > 41), qualitative progression rate according to the median rate
in the group (purple dots; slow progressors = patients with mean progression rate < 0.35 and
fast progressors = patients with mean progression rate > 0.35), predominant form of ALS
(UMN for upper motor neuron predominant form, LMN for lower motor neuron predominant
form, Mixed for mixed form), riluzole (on vs. off), spasticity (yes if score to MAS > 1, no if score

=0). * p <0.05, ** p < 0.01.

Figure 6. A-B: PSTHs (0.2-ms bins) from one single unit extracted from ECR EMG in one control
(A) and one patient (B) plotted around stimulation applied to radial nerve. The number of
motor unit potentials (counts) in each bin are normalized to the total number of stimulations
(n = 150). The upper trace illustrates the PSTH CUSUM. CD: PSFs of the corresponding units
with their CUSUM (upper trace). EF: box plots (as in Fig. 2) illustrating the number of counts
(% of number of stimulations) within the 3 first bins (0.6 ms) of the PSTH peak (E) and the
duration of PSF CUSUM corresponding to the peak in PSTH (F), in the group of motor units

from controls (in black) and from ALS (in red; see details in Table 4).
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A M response vs. H-reflex B
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Table 1 Intensity (mA)
P value () Asymptote lso Peak slope
group 0.42 (0.02) 0.32 (0.14) 0.59 (0.05)
muscle <0.0001 (0.21) | <0.0001 (0.66) < 0.05 (0.08)
response <0.001 (0.17) [ <0.0001 (0.66) 0.11 (0.09)
group X response <0.05 (0.19) =0.81 (0.69) =0.96 (0.10)
group x muscle x response 0.86 (0.19) 0.06 (0.69) 0.31 (0.10)

*Post hoc Student t test to compare marginal means Controls vs. ALS: H-reflex p = 0.58 and M response p = 0.06

Table 2 Ratio H/M

P value () Asymptote Peak slope

group < 0.001 (0.01) <0.05 (o)
group x muscle 0.87 (0.01) 0.64 (0)

Link with clinical features:
Asymptote ratio increased in spastic patients (p < 0.001), in hyperreflexic (p < 0.05) and off-riluzole (p < 0.05)
Peak slope ratio increased off-riluzole (p < 0.05)
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Table 3

P values (1) Asymptotes lso Peak slope
group 0.052 (0.36) 0.18 (0.09) 0.20 (0.09)
Response <0.001 (0.36) < 0.001 (0.09)* 0.27 (0.09)
group X response <0.001 (0.36)* 0.058 (0.09) 0.06 (0.09)

*Post hoc Student t test to compare marginal means Controls vs. ALS: H-reflex p = 0.27 and MEP p < 0.001
** Post hoc Student t test to compare marginal means Controls vs. ALS: H-reflex p = 0.7865 and MEP p < 0.05

Sangari et al. _ Supplemental data_1
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Absence of monosynaptic excitation in a deafferented patient except in hand muscle
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After two episodes of extensive sensory polyneuropathy, the patient exhibited a complete loss of
touch, vibration, pressure, and kinaesthetic senses, along with the absence of tendon reflexes in all four
limbs (deafferented patient GL). In collaboration with Prs. E. Pierrot-Deseilligny, H. Hultborn, and J.B.
Nielsen, V. Marchand-Pauvert conducted a series of electrophysiological experiments in this patient 20
years ago (unpublished data). The present data originates from EMG in abductor digiti minimi (ADM), flexor
carpi radialis (FCR), extensor carpi radialis (ECR), soleus and quadriceps recorded during isolated, tonic,
voluntary contractions at 20% of the maximum force. Electrical stimuli (1-ms pulse duration, 1-Hz frequency,
1.5 x MT) were applied to the ulnar nerve at wrist level (ADM), the median nerve at elbow level (FCR), the
radial nerve at arm level (ECR), and the tibial nerve for soleus and quadriceps (heteronymous monosynaptic
excitation; Meunier S. et al. Exp Brain Res. 1993;96(3):534-44). In 2004 (upper limb), a Labview-NI program
was used to record EMG over predefined windows, which randomly alternated recording with and without
stimulation (control in black vs. conditioned EMG in red). In 2007 (lower limb), a Notocord-hem program was
used to record EMG continuously (compare pre- vs. post-stimulus EMG). Any early facilitation
corresponding to group la monosynaptic excitation was not observed in all muscles except ADM.
Considering the afferent and efferent conduction times (estimated with the distance between the stimulation
site and the C6 root, and the conduction velocity in group la fibers and motor axons), a monosynaptic
excitation could be expected at around 20 ms in ADM. An early facilitation was consistently observed in
ADM that aligned with the latency of a monosynaptic group la excitation. This facilitation occurred at the
threshold intensity for M response and above (it was also observed at rest; data not recorded). Since this

response couldn't be an H-reflex, it was likely the result of motor axon activation mediating F-wave.

Sangari et al. _ Supplemental data_2
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