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Summary

Introduction

Amyotrophic Lateral Sclerosis (ALS) is a relentlessly progressive and
devastating neurodegenerative disorder that primarily affects motor neurons within the
spinal cord, brainstem and brain. This debilitating condition culminates in the gradual
loss of motor function, leading to muscle weakness, atrophy, and eventually paralysis,
typically with a fatal outcome within a few years after the first symptoms. Despite
decades of research, the precise etiology of ALS remains elusive, and there is

currently no cure for this devastating disease.

The pathophysiology of ALS is extraordinarily complex, involving an intricate
interplay of genetic, environmental, and cellular factors. Among the multifaceted
aspects contributing to the disease's onset and progression, the role of inhibitory spinal
and supraspinal mechanisms is a compelling area of investigation. These mechanisms
play a pivotal yet still not completely understood role in modulating the excitability of
motor neurons and the integrity of motor circuits, thereby influencing the manifestation

and progression of ALS.

There is an accumulated amount of evidence from animal, in Vvitro,
histopathological, imaging, and neurophysiological studies implying cortical inhibitory
mechanisms, mainly controlled by GABAergic and glycinergic interneurons, in ALS
pathophysiology. The pathological decrease in inhibitory control of motoneurons
excitability contributes, and possibly leads, to characteristic degeneration of the motor
system. Regarding segmental spinal control of motor function, these mechanisms are
much less studied in ALS, despite their possible significant role to the pathophysiology

of this disease.

Objectives

The overall objective of this thesis was to advance our comprehension of the
physiological and pathophysiological aspects of spinal and supraspinal inhibitory
pathways in ALS. To achieve this goal, a series of carefully designed experiments
employing diverse neurophysiological methods were undertaken. We used techniques
such as the cutaneous silent period (CutSP), electromyographic quantification of

mirror movements, and the H reflex, as well as several conditioning paradigms of this
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reflex response, to interrogate inhibitory interneuron function, with a particular
emphasis in segmental spinal mechanisms. We also aimed to link changes in these
parameters to the clinical picture of patients, in particular to the dysfunction of upper

motor neurons.

Materials and Methods

The studies here described were performed at the Laboratério de EMG e
Potenciais Evocados do Centro Hospitalar Universitario Lisboa Norte, and at the
Instituto de Fisiologia da Faculdade de Medicina da Universidade de Lisboa - Instituto

de Medicina Molecular Jodo Lobo Antunes (MCarvalho unit).

For the CutSP, measurements were made both in upper and lower limbs. In the
upper limb, the target muscle was the abductor digiti minimi (ADM), and stimulation of
cutaneous fibres was applied to the ipsilateral V™" finger using ring electrodes. In the
lower limb, the target muscle was the tibialis anterior (TA), and stimulation of
cutaneous fibres was applied to the sural nerve, posteriorly to the lateral malleolus.
We performed measurements in two different conditions regarding the contralateral
muscle to the one assessed: at rest, and during a maximal isometric contraction.
Transcranial magnetic stimulation (TMS) was also performed to obtain an objective
marker of corticospinal changes. We recruited patients with different phenotypes of
motor neuron disease (typical ALS, primary lateral sclerosis (PLS) and progressive

muscle atrophy (PMA)).

For the quantification of mirror activity (MA), we first developed a mathematical
algorithm for automatic analysis of EMG signal. We validated the algorithm in a group
of healthy subjects. Mirror activity was assessed in upper (ADM) and lower limbs (TA),
on both sides, during a brief isometric full force contraction in one muscle and
measuring muscle activity from the homonymous contralateral muscle. Afterward we
recruited a group of ALS subjects and applied the same protocol of mirror activity
quantification. We also used conventional TMS, including the quantification of the

ipsilateral cortical silent period.

For the study of the H reflex we devised 3 sets of experiments, using paradigms
of modulation of the test reflex response in ALS. We assessed recurrent inhibition,

using a paired pulse technique stimulating the posterior tibial nerve. Presynaptic
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inhibition of la afferents was evaluated by conditioning the H reflex with stimulation of
the common peroneal nerve and assessing the D1 phase of inhibition. Finally, we
studied the modulation of the H reflex after cutaneous stimulation of the lateral dorsum
of the foot (distal sural nerve), a modulation inhibitory paradigm that is considered as

postsynaptic and mediated by glycine.
Results

The onset latency of the cutaneous silent period was significantly increased in
patients, when compared to healthy subjects, both in upper and lower limbs. This
change was present in all disease phenotypes, including PMA patients. In parallel, a
significant reduction of the amount of EMG suppression was also seen in limbs with
marked UMN involvement. Interestingly, the changes seen in the first condition
(contralateral muscle at rest) were partially reverted in the second condition (maximal
contralateral contraction) in patients without clinical signs of UMN dysfunction.
Furthermore, the onset latency of the CutSP was significantly related to the amount of
clinical signs of UMN dysfunction and to changes in TMS. In the upper limb, the onset
latency and duration of the CutSP were significant predictors of the amount of UMN

signs.

The algorithm developed for quantification of MA was very well suited for
latency markings, with an ICC of 0.998 (p < 0.001) with markings defined by two
experienced neurophysiologists. In healthy subjects, there was a moderate positive
correlation between age and MAin the ADM and in the TA. There was also significantly
more MA on the dominant side. In ALS subijects, there was a significant increase in
MA compared to healthy subjects, in all 4 muscles assessed. Interestingly, the side-
to-side difference seen in healthy subjects is not present in ALS patients. Additionally,
patients with normal TMS results had more mirror activity than healthy subjects, while
patients with abnormal TMS results had more mirror activity than patients with normal

TMS results. This pattern was also observed for the ipsilateral silent period.

There were no significant differences between ALS patients and healthy
controls regarding the parameters of the standard H reflex, particularly in the Hmax/Mmax
ratio. As for the conditioning paradigms, ALS patients exhibited significantly less
recurrent inhibition (0.35 vs 0.11; p = 0.036), presynaptic inhibition of la terminals (1.0
vs 5.0; p = 0.001), and inhibition after cutaneous stimulation (0.0 vs 2.5; p = 0.031),
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when compared to healthy controls. Interestingly, the amount of UMN signs was a
significant predictor of both recurrent inhibition (p = 0.010) and presynaptic inhibition

(p < 0.001), but not of inhibition after cutaneous stimulation (p = 0.661).
Discussion

The protocol implemented for the study of the CutSP is simple, well tolerated,
and easily implemented in the routine neurophysiological assessment of ALS patients.
In ALS patients, the onset latency of the CutSP is consistently increased, and the
amount of EMG suppression decreased in limbs with signs of UMN dysfunction. Both
these changes seem related to the severity of UMN dysfunction, as measured by
clinical assessment and TMS responses. This confirms the presence of dysfunction in
segmental spinal inhibitory circuits associated with supraspinal modulation of

motoneuron excitability.

The quantification of MA using the algorithm developed is simple and practical.
It allows for objective measurement and comparison between subjects. The amount
of MAis significantly increased in ALS, both in upper and lower limbs. In upper limbs,
MA is particularly increased in subjects with abnormal ipsilateral silent period, which
depend on the integrity of transcallosal inhibitory pathways. The amount of MA is
higher in patients with abnormal TMS, suggesting a link between callosal and

corticospinal dysfunction.

The changes disclosed by all H reflex modulation paradigms tested underscore
that extensive changes of segmental spinal inhibitory circuits are present in ALS. This
is of particular interest given that the group of patients studied had very mild LMN
involvement. These alterations were noticeable in both recurrent, presynaptic, and
postsynaptic inhibitory mechanisms, rendering the corticomotoneuronal synapse
notably vulnerable to hyperexcitation. In particular our results support glycinergic

spinal cord dysfunction in ALS patients, as suggested by studies in the animal model.
Conclusions

Several inhibitory mechanisms, both at the cortical and at the segmental spinal
level are altered in ALS. These changes are present in the early stages of the disease
and are intrinsically linked to involvement of the UMN. These findings suggest that

dysfunctional inhibitory interneurons, both at the cortical (as shown elsewhere) and at
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the segmental spinal levels is a major feature in ALS, and potentially one of the drivers

of the neurodegeneration characteristic of this devastating disease.

Keywords (6)

Amyotrophic lateral sclerosis; motor neuron disease; interneurons; inhibitory

circuits; segmental spinal inhibition; cortical inhibition
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Resumo

Introducao

A Esclerose Lateral Amiotréfica (ELA) € uma doenga neurodegenerativa
rapidamente progressiva que principalmente afeta os neurdnios motores da medula
espinal, do tronco cerebral, e do cortex. Deste processo resulta a gradual perda da
funcdo motora e da capacidade respiratoria, em geral originando a morte poucos anos
apos os primeiros sintomas. Apesar de décadas de intensa investigacdo, a
etiopatogenia desta doenga permanece elusiva, ndo existindo atualmente cura para

esta doenca devastadora.

A origem da ELA é extraordinariamente complexa, envolvendo uma intricada
interagdo de fatores genéticos, ambientais e celulares. Entre os aspetos
multifacetados que contribuem para o inicio e progressdo da doencga, o papel dos
mecanismos inibitérios espinhais e supraespinhais € uma area de investigacao
fascinante. Estes mecanismos desempenham um papel crucial, mas ainda nao
completamente compreendido, na modulacido da excitabilidade dos neurdnios
motores e na integridade dos circuitos motores, influenciando assim o inicio e

progressao da ELA.

Ha uma significativa quantidade de evidéncias de estudos em animais, in vitro,
histopatoldgicos, imagem e neurofisiolégicos que implicam mecanismos inibitorios
corticais, principalmente controlados por interneurénios GABAérgicos e glicinérgicos,
na fisiopatologia da ELA. A disfungdo do controle inibitério da excitabilidade dos
motoneurdnios contribui para, e possivelmente origina, a tipica degeneragéo do
sistema motor. Em relacéo ao controle da fungdo motora a nivel segmentar da medula
espinhal, esses mecanismos estdo menos estudados na ELA, apesar de seu

potencial relevante papel na fisiopatologia desta doenga.

Objetivos

O objetivo geral desta tese foi aumentar a compreensdo dos aspetos
fisiologicos e fisiopatolégicos das vias inibitérias espinhais e supraespinhais na ELA.
Para alcancar este objetivo, uma série de estudos cuidadosamente projetados,
utilizando diversas técnicas neurofisiolégicas, foram realizados. Em particular, foram

utilizadas técnicas como o periodo de siléncio cutdneo (CutSP), a quantificacao
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eletromiografica de movimentos em espelho e o reflexo H, assim como varios
paradigmas de condicionamento deste reflexo, de forma a investigar a fungdo dos
interneuronios inibitorios, com énfase especial nos mecanismos segmentares da
medula espinhal. Também procuramos relacionar as alteracdes desses parametros

com o quadro clinico, em particular quanto a disfungdo do 1° neurénio motor.

Materiais e Métodos

Os estudos aqui descritos foram realizados no Laboratério de EMG e
Potenciais Evocados do Centro Hospitalar Universitario Lisboa Norte e no Instituto de
Fisiologia da Faculdade de Medicina da Universidade de Lisboa - Instituto de Medicina

Molecular Jodo Lobo Antunes (MCarvalho unit).

Para o estudo do CutSP, foram realizados registos nos membros superiores e
inferiores. No membro superior, 0 musculo alvo foi o Abdutor do 5° dedo (ADM), e a
estimulacdo das fibras cutaneas foi aplicada no quinto dedo ipsilateral usando
elétrodos de anel. No membro inferior, o musculo alvo foi o tibial anterior (TA), e a
estimulacdo das fibras cutaneas foi aplicada no nervo sural, posteriormente ao
maléolo lateral. Foram realizados registos em duas condi¢des diferentes em relagéo
ao musculo contralateral ao avaliado: em repouso e durante contragao isométrica
maxima. Também foi efetuada estimulagdo magnética transcraniana (TMS), por forma
a obter um marcador objetivo de alteragdes da via corticoespinhal. Foram incluidos
doentes com diferentes fenétipos de doenga do neurénio motor (ELA tipica, esclerose

lateral primaria (PLS) e atrofia muscular progressiva (PMA)).

Para a quantificagdo da atividade em espelho (AE), primeiro desenvolvemos
um algoritmo matematico para anadlise automatica do sinal EMG. Validamos o
algoritmo num grupo de individuos saudaveis. A AE foi avaliada nos membros
superiores (ADM) e inferiores (TA), em ambos os lados, durante uma breve contragao
isométrica maxima de um musculo e medindo a atividade muscular do musculo
homonimo contralateral. Posteriormente, estudamos um grupo de doentes com ELA
com o mesmo protocolo de quantificacdo da AE. Também usamos TMS convencional,

incluindo a avaliagao do periodo de siléncio cortical ipsilateral.

Para o estudo do reflexo H, elaboramos trés paradigmas de modulagao deste

reflexo na ELA. Avaliamos a inibicdo recorrente, usando uma técnica de dupla
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estimulacdo do nervo tibial posterior. A inibicdo pré-sinaptica dos aferentes la foi
avaliada condicionando o reflexo H pela estimulacdo do nervo peroneal comum e
avaliando a fase D1 da inibicdo. Finalmente, estudamos a modulag¢do do reflexo H
apos estimulagdo cutédnea do dorso lateral do pé (segmento distal do nervo safeno
externo), um paradigma de inibicdo de modulagdo que é considerado como pés-

sinaptico e glicinérgico.
Resultados

Nos doentes com ELA, a laténcia de inicio do periodo de siléncio cutaneo
estava significativamente aumentada, quando comparada com individuos saudaveis,
tanto nos membros superiores como nos membros inferiores. Esta alteragdo estava
presente em todos os fendtipos da doenga, incluindo pacientes com PMA, e foi mais
pronunciada naqueles com maior envolvimento do 1° neurénio motor. Uma menor
supressao do EMG também foi observada nos doentes com mais marcado
envolvimento piramidal. Nos doentes com PMA, as alteractes observadas na primeira
condigdo (musculo contralateral em repouso) foram parcialmente revertidas na
segunda condi¢ao (contracdo contralateral maxima). Adicionalmente, a laténcia inicial
do periodo de siléncio cutaneo associa-se, significativamente, com a a severidade do
compromisso do 1° neurdnio motor, tal como avaliado pelos sinais clinicos e pelas
alteracdes observadas na TMS. No membro superior, a laténcia inicial e a duragao do
periodo de siléncio cutadneo foram preditores significativos da disfungdo do 1°

neuroénio motor.

O algoritmo desenvolvido para quantificacao da AE foi eficaz na marcagao de
laténcias, com um ICC de 0,998 (p < 0,001) comparando com marcagoes definidas
por dois neurofisiologistas experientes. Em individuos saudaveis, houve uma
correlagao positiva moderada entre a idade e a AE, tanto no ADM como no TA. AAE
foi significativamente mais intensa no lado dominante. Em pacientes com ELA, houve
um aumento significativo da AE em comparag¢ao com individuos saudaveis, em todos
os 4 musculos avaliados. Nos doentes, nao foi observada esta diferenga entre o lado
dominante e o ndo-dominante. Para mais, a AE foi significativamente mais intensa
nos doentes com resultados normais na TMS que os controlos, e nos doentes com

resultados anormais na TMS quando comparados com aqueles com valores normais
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na TMS. Estas diferengas foram replicadas quando considerando o valor do periodo

de siléncio cortical ipsilateral.

N&do se observaram diferencas significativas entre pacientes com ELA e
controles saudaveis em relacdo aos parametros convencionais do reflexo H, incluindo
na razdo Hmax/Mmax. Quanto aos paradigmas de condicionamento, os pacientes
com ELA apresentaram significativamente menos inibi¢ao recorrente (0,35 vs 0,11; p
= 0,036), inibicdo pré-sinaptica pela estimulacdo dos aferentes la (1,0 vs 5,0; p =
0,001) e na inibigdo apods estimulagao cuténea (0,0 vs 2,5; p = 0,031), em comparagao
com controles saudaveis. Notavelmente, a severidade dos sinais do 1° neurdnio foi
um preditor significativo tanto da inibi¢do recorrente (p = 0,010) quanto da inibigao

pré-sinaptica (p < 0,001), mas ndo da inibicado apds estimulagao cutanea (p = 0,661).
Discussao

O protocolo proposto para o estudo do periodo de siléncio cutaneo é simples,
bem tolerado e facilmente implementado na avaliagdo neurofisiolégica de rotina de
pacientes com ELA. Nestes, a laténcia inicial do periodo de siléncio cutaneo esta
atrasada e a supressao do EMG diminuida. O grau destas alteragdes associa-se com
a severidade dos sinais clinicos e neurofisioldgicos da disfungdo do 1° neurdnio
motor. Estes resultados suportam a existéncia de uma disfungdo nos circuitos
inibitérios segmentares da medula espinhal, em fungdo da sua modulagao por vias

supraespinhais.

A quantificagdo da AE usando o algoritmo desenvolvido € simples e pratica.
Esta abordagem permite uma medi¢ao objetiva, assim como facil comparagao entre
sujeitos. Nos doentes, a quantidade de AE esta significativamente aumentada, quer
nos membros superiores, quer nos membros inferiores. Nos membros superiores, a
AE esta particularmente aumentada naqueles com um anormal periodo de siléncio
cortical ipsilateral, o qual depende da integridade das vias inibitérias transcalosas. Os
doentes com resultados anormais na TMS evidenciaram maior intensidade da AE,

indicando uma associacgao entre a disfuncao calosa e a lesao da via corticoespinhal.

As alteragdes observadas nos paradigmas estudados de modulagao do reflexo
H, suportam uma disfungao nos circuitos inibitérios segmentares da medula espinhal

na ELA. Isso € de particular interesse dado que o grupo estudado de doentes tinha
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envolvimento ligeiro do 2° neurdnio motor. Estas alteragbes foram observadas nos
mecanismos inibitérios recorrentes, pré-sinapticos e pods-sinapticos, incluindo a via
glicinérgica, como sugerido pelo modelo animal, tornando a sinapse

corticomotoneuronal vulneravel a fendmenos de hiperexcitabilidade,
Conclusbes

Varios mecanismos inibitérios, tanto ao nivel cortical quanto ao nivel
segmentar da medula espinhal, estdo alterados na ELA. Estas mudangas estéo
presentes nas fases iniciais da doenca e estdo fortemente associadas ao
envolvimento do 1° neurdnio motor. As alteracdes aqui descritas suportam a presenca
de interneurdnios inibitoérios disfuncionais, tanto ao nivel segmentar da medula

espinhal, como supraespinhais, que podem favorecer o processo neurodegenerativo.

Palavras-chaves (6)

Esclerose lateral amiotréfica; doenca do neurdnio motor; interneuroénios;

circuitos inibitérios; inibicao espinhal segmentar; inibigao cortical
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1. Introduction

The famous French neurologist Jean-Martin Charcot coined the term
Amyotrophic Lateral Sclerosis (ALS) in the late 19th century (Charcot, 1874), to

characterize individuals experiencing "paralysis with spasms of the arms and primarily
the legs (without any sensory impairment), accompanied by gradual muscle wasting,

predominantly affecting the upper limbs and trunk" (Eisen, 2007). Over the past 150

years, significant advances have been made in the understanding of ALS since

Charcot's initial observations.

The classic and most prevalent form of the disease, which is the most common
form of Motor Neuron Disease (MND), involves the degeneration of the primary motor
cortex, brainstem, and spinal cord, collectively referred to as ALS. This term also
encompasses different syndromes, such as Primary Lateral Sclerosis (PLS),
Progressive Muscular Atrophy (PMA), and Progressive Bulbar Palsy (PBP). The

recent Gold Coast criteria (Shefner et al., 2020) incorporates PMA as similar to ALS.

Currently, the exact cause of sporadic ALS (sALS) remains unknown, although
certain environmental risk factors have been associated with an increased likelihood

of developing the disease (Gordon, 2013). Probably the most important disease origin

determinant is the personal genetic background, many times associated with a specific
mutation, but most of the times related to incompletely known changes in the complex
genetic architecture. The pathophysiology of ALS involves various mechanisms,
including oxidative damage, mitochondrial dysfunction, defects in axonal transport,

and glutamate excitotoxicity (Rothstein, 2009).

Clinical presentation varies significantly due to the distinct involvement of upper
motor neurons (UMN) and/or lower motor neurons (LMN). Common symptoms and
signs include muscle weakness, muscle wasting, cramps, fasciculations, dysarthria,
dysphagia, brisk deep tendon reflexes (DTR), clonus, and spasticity. In some cases,
ALS may also be accompanied by frontotemporal dementia (Leigh, 2007). Despite the
variability in the onset location, a contiguous spread of the degenerative processes

has been suggested (Ravits and La Spada, 2009, Gromicho et al., 2020).

Neurophysiology plays a crucial role not only in diagnosing and monitoring ALS,

but also in providing valuable insights into the pathophysiology of the disease.
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Transcranial Magnetic Stimulation (TMS) has extensively documented changes in
UMN function (Huynh et al., 2016), with a particular focus on cortical inhibition
(Ziemann et al., 1997, Zanette et al., 2002a, Shibuya et al., 2017). Some authors have

used changes in motor unit firing frequencies as an indicator of UMN dysfunction (de

Carvalho et al., 2012). However, identifying UMN changes in the presence of

significant LMN dysfunction can be challenging (Pinto et al., 2012). Inhibitory circuits,

particularly segmental spinal circuits, have received little attention in ALS research.
The role of spinal interneurons, including Renshaw cells, in the pathophysiology of
ALS remains largely unknown. While some studies have suggested dysfunction of

these specialized neurons (Raynor and Shefner, 1994, Shefner and Logigian, 1998,

Howells et al., 2020), there is currently no consensus on their role in ALS (Mazzocchio
and Rossi, 2010).

In this thesis, we explore spinal and supraspinal inhibitory mechanisms in
ALS/MND patients using different neurophysiological techniques to obtain a deeper

understanding of the associated pathophysiological mechanisms.
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2. Literature review

2.1. Epidemiology

Epidemiologic studies in rare diseases are subject to significant variability due
to differences in study design (prospective vs. retrospective), number and quality of
data sources, diagnostic criteria (e.g., inclusion of only classic ALS or inclusion of other
variants like PMA and PLS), and delineation of catchment area (province or region
level vs. country level vs. continental area). There are also considerable differences in
the number of ALS epidemiological studies according to region. In a recent systematic

review of the global prevalence and incidence of ALS (Xu et al., 2020), more than half

of the studies included in the analysis were from European countries. Nevertheless,
geography may contribute to different findings in different countries and regions,
consistent with the distribution of genetic risk factors in ALS. In Europe, for example,
there is a trend for higher incidence rates in northern countries, which is in line with

the higher genetic risk in Scandinavia (Chio et al., 2013).

2.1.1. Incidence and Prevalence

Recently, the worldwide crude incidence rate of ALS was estimated to be 1.59

per 100,000 persons-year (Xu et al., 2020). These values are similar to the ones

reported in a previous study that estimated an incidence rate of 1.9 per 100,000

persons-year (Chio et al., 2013). The slight decrease in the incidence rate reported by

Xu et al. is probably explained by the inclusion of recent studies from Asia, which
typically have lower incidence rates. The variation in incidence rates worldwide is still
a matter of debate. The highest incidence rates have been reported in European
countries (2.76), while lower incidence rates have been reported in Asia (0.42) (Xu et

al., 2020). A lower prevalence of ALS genes in Asian populations (Kim et al., 2016)

may contribute to a better understanding of this issue.

Worldwide crude prevalence was estimated between 4.48 (Chio et al., 2013)

and 4.42 (Xu_ et al., 2020) per 100,000 population. These prevalence values are

relatively low, considering the incidence of the disease, which can be explained by a

short survival period, usually between 2-5 years (Mehta et al., 2017).
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2.1.2. Aetiology and risk factors

ALS has been proposed to follow complex progression, evolving gradually as a
result of a genetic predisposition interacting with one or more environmental risk
factors (Al-Chalabi et al., 2014).

Around 10-15% of ALS cases have a known family history of the disease (fALS),

with monogenic mendelian-like transmission (Ryan et al., 2019). However, other types

of genetic architecture with oligogenic and polygenic inheritance may contribute to

ALS etiology (Goutman et al., 2022). To date, at least 40 genes have been linked to

ALS, although four genes seem to account for approximately 50% of familial cases

and 5% of sporadic cases reported (Zou et al., 2017).

Hexanucleotide repeat expansion (HRE) of the C9orf72 gene (DeJesus-

Hernandez et al., 2011) is the most frequent mutation in familial ALS and in patients

with frontotemporal dementia (FTD), in Western countries (Smeyers et al., 2021).

Pathogenic mechanisms linked to this mutation include two related gain-of-function
effects (aggregation of expanded RNA and dipeptide repeat proteins) and
haploinsufficiency of the related C9orf72 protein (Smeyers et al., 2021).

Superoxide dismutase 1 (SOD1) was the first gene associated with ALS (Rosen

et al., 1993) and encodes the copper/zinc isoform of superoxide dismutase. Both loss

of dismutase function and toxic gain of SOD1 function have been linked to

pathophysiological mechanisms of ALS (Brasil et al., 2019). Nowadays, the presence

of toxic SOD1 cytoplasmic aggregates is considered the most probable cause of

neuron degeneration (Matsumoto et al., 2005).

ALS and its most common FTD subtype are characterized by ubiquitin-positive
neuronal and glial cytoplasmic central nervous system inclusions. The chief protein in
these inclusions is ubiquitinated TAR-DNA binding protein 43, known as TDP-43
(Neumann et al., 2006). TDP-43 is a multifunctional RNA- and DNA-binding protein
encoded by the TARDBP gene located on chromosome 1 (Van Deerlin et al., 2008).

Although principally nuclear, in ALS TDP-43 is mislocalized in the cytoplasm being

heavily post-translationally modified and/or truncated (Goutman et al., 2022). Most

genetic mutations cause this aggregation process, including patients with TARDBP

gene mutations.
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The fused in sarcoma/translated in liposarcoma (FUS/TLS) gene has also been
linked to ALS (Kwiatkowski et al., 2009). FUS/TLS, like TDP-43, is also a
multifunctional RNA-binding and DNA-binding protein that also originates pathological

cell aggregates originating from this mutated protein.

Despite the constant evolution in our understanding of genetics, most ALS
cases (85-90%) are still considered sporadic. Established risk factors for developing
ALS are older age (mean age of onset 58-63 years; peak incidence in the 7" decade

of life (Ingre et al., 2015)), being male, being smoker and having a family history of

ALS and/or FTD (Armon, 2003). Recently, military service and moderate to high

physical activity have also been associated with a higher risk of developing ALS
(McKay et al., 2021, Zheng et al., 2023), in particular the practice of contact sports
(Henriques et al., 2023).

Other environmental factors have also been linked to ALS development.
Notably, the historical cluster of high incidence and prevalence of amyotrophic lateral
sclerosis/Parkinsonism dementia complex in the Western Pacific has been shown to

be related to the distribution of living cycad plants (Spencer et al., 2019), which has

been associated with several neurodegenerative disorders (Rivadeneyra-Dominguez

and Rodriguez-Landa, 2014). However, the origin of this past geographical focus of

disease has also been explained by local water cyanobacteria contamination (Bradley

et al., 2013).

2.1.3. Pathophysiology

Loss of the neuromuscular link, axonal retraction, and eventual cell death of the
UMN and LMN, along with astrogliosis and microgliosis, are the hallmarks of ALS. In
general, ubiquitin-positive inclusions are also observed in the remaining neurons. It is
essential to first outline the underlying molecular mechanisms by which motor neurons
degrade in ALS, to understand disease development and find new therapeutic
solutions. We still do not fully understand the mode of action of the different mutated
proteins currently known, or the ensuing neurodegeneration or neurotoxicity

processes. However, it is believed that multiple pathways, rather than just one
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mechanism,

can cause neurodegeneration

in ALS,

pathophysiology (Figure 1).

suggesting a complex

Figure 1 - Several proposed pathogenic mechanisms in ALS and their linked gene variants

currently known
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The central nervous system's (CNS) primary excitatory neurotransmitter is

glutamate. It is created in the presynaptic terminal and activates specific postsynaptic

receptors, which results in neurotransmission through voltage-gated calcium

channels. Excitatory amino acid transporters (EAATs), which are mainly glial and

neuronal cell transporter proteins, remove unused glutamate from the synaptic cleft

after being released from the presynaptic neuron. According to previous reports, a

high glutamate concentration in the synaptic cleft causes excitotoxicity due to

excessive or widespread activation of glutamate receptors, which might result in

neurodegeneration of the affected neurons (Shaw and Eggett, 2000). Therefore, to

avoid neuronal damage, glutamate must be quickly removed. Isoform 2 of the

astroglial glutamate transporter, EAAT2, is specifically responsible for maintaining
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glutamate levels within the nervous system below excitotoxic levels (llieva et al.,
2009).

One of the earliest hypothesized pathways for the pathophysiology of ALS is
glutamate excitotoxicity (Bendotti and Carri, 2004). In ALS, there are lower EAAT2
levels in the CNS, most likely due to the presence of aberrant EAAT2 mRNA or EAAT2

transporter breakage. This causes an increase in synaptic glutamate concentration
and overstimulation of postsynaptic glutamate receptors, resulting in excitotoxic

neuronal degeneration (Zarei et al., 2015).

Oxidative Stress

Free radicals or reactive oxygen species (ROS) are produced by oxygen
metabolism. Oxidative stress is a state in which the amount of ROS produced exceeds
the ability of cells to eliminate them. ROS buildup permanently harms the cell and its
macromolecules, including proteins, DNA, and RNA. The primary enzyme that
prevents oxidative damage and reduces superoxide leakage from mitochondria is
SOD1. Therefore, SOD1 mutations might cause cytotoxicity. Early investigations

hypothesized that SOD1 pathology may involve both a dominant toxic gain of function

and a decline orloss in enzyme activity (Borchelt et al., 1994). According to a particular
hypothesis, mutated SOD1 can resume its usual antioxidant action and produce
harmful superoxide. Mutant SOD1 may transfer electrons to molecular oxygen from
other cellular antioxidants, generating superoxide and making SOD1 the cause of

oxidative stress (Liochev and Fridovich, 2003). Cerebrospinal fluid (CSF), serum, and

urine samples from patients with ALS show elevated free radical levels and oxidative

damage (Zarei et al., 2015). This might be caused by the mutant SOD1's altered active

site geometry, which reduces the number of substrates. Defective oxidative
phosphorylation may also contribute to oxidative stress in ALS, as shown by studies
on the CSF of transgenic mice and patients, where high concentrations of ROS
resulting from deficient oxidative phosphorylation, such as 3-nitrotyrosine, were found

(Tohgi et al., 1999, Bacman et al., 2006). Increased ROS levels are correlated with

mitochondrial dysfunction and serve as an illustration of how the ALS pathogenesis

pathways may be coupled.

Mitochondrial Dysfunction
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One distinctive feature of ALS is mitochondrial damage. ROS and other
metabolic and structural changes in the cell cause neuronal injury, which is the primary
cause of this dysfunction. Both spinal motor neurons and skeletal muscle of sporadic
and familial ALS patients, as well as the disease mouse model, exhibit structural

alterations in the mitochondria (Boillee et al., 2006, Sasaki and Iwata, 2007, Magrane

and Manfredi, 2009). Deposition of the misfolded mutant SOD1 protein may change

the physiological activity of mitochondria in ALS transgenic mice and humans

(Menzies et al., 2002). Additionally, mutant SOD1 is responsible for the decreased

activity of respiratory chain complexes | and IV, which are connected to malfunctioning
energy metabolism. Because of the presence of mutant SOD1, it has been shown that
motor neurons in patients with ALS lose their ability to bind Ca2+, which reduces
calcium absorption from the cytoplasm and ultimately increases vulnerability to

excitotoxicity (Bernard-Marissal et al., 2012). Additionally, mitochondria are essential

components of synaptic terminals, which have high adenosine triphosphate (ATP) and
calcium homeostasis needs. Neuronal metabolic changes and cell death may result
from defects in mitochondrial axonal transport in these regions (Magrane and
Manfredi, 2009).

Protein Aggregates

When misfolded proteins build up, they oligomerize and aggregate, creating
protein aggregates that promote a hazardous environment in the neurons. Both sALS
and fALS tissues from patients with SOD1 pathogenic mutations, as well as mutant

SOD1 transgenic animals, have been observed to contain mutated SOD1 protein-rich

inclusions in the neuron cytoplasm (Boillee et al., 2006). Aggregates made up of
mutant SOD1 and other nuclear proteins, such as abnormal phosphorylated TDP43
or FUS, are formed as a result of the abnormal accumulation of defective proteins that
prevent their degradation (Dormann and Haass, 2011). In more than 80% of ALS
cases, TDP43 abnormal protein inclusions are present in the cytoplasm (Coan and

Mitchell, 2015). These aggregates are strongly cytotoxic.

Accumulation of Neurofilaments

The accumulation of neurofilaments (NFs) in cell bodies and axons is a typical
pathological feature of ALS. NFs are intermediate filaments of nerve cells and are an

important part of the nerve cell cytoskeleton (Julien, 1999). The process leading to the
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formation of NF aggregates in ALS remains unclear. Very rare mutations in NF genes
occur in both fALS and sALS and may be correlated with abnormal phosphorylation of
NFs, which affects the axonal transport of NFs, leading to their accumulation in the
cell bodies and proximal axons. This accumulation may lead to defects in the axonal
transport of other cellular components, such as mitochondria, which are essential for

cell survival (Xiao et al., 2006). Another cause for the aggregation of NFs may be their

altered stoichiometry, which plays a pivotal role in their distribution and aggregation.
Abnormal organization of NF is an important part of ALS pathogenesis; however, the
exact relationship between its accumulation and motor neuron degeneration remains

unclear.

Neuroinflammation

Motor neurons that are not mutated but are surrounded by glial cells with a
SOD1-mutated gene develop a pathological phenotype. Moreover, replacement of
mutated glial cells with wild-type glia delays disease progression and prolongs survival
in ALS mice. Thus, damaged glia and neurons are involved in neurodegeneration and

disease progression (Lee et al., 2012). A neuroinflammatory response, including

activated microglia, astrogliosis, and infiltrating immune cells at sites of neuronal injury,
is one of the primary features of ALS. In ALS, the interaction between motor neurons
and microglia, which are resident macrophages in the CNS, initially protects neurons.
As the damage worsens, misfolded proteins, such as mutated SOD1, and other toxic
molecules are released from motor neurons and astrocytes, which stimulate the
activation of microglial cells, which switch from a neuroprotective to a neurotoxic

phenotype (Gao et al., 2023). Thus, activated microglia increases during disease

progression as a result of their interaction with the cellular microenvironment, leading

to a cytotoxic neuroinflammatory effect on neurons.

Final common pathway

Although it is known that several processes contribute to the toxicity linked to
each mutation, and that these pathways probably intersect, the pathogenesis of ALS
appears to be heavily dependent on the initial cause of the disease. In the case of

SOD1 mutations, for example, this convergence is very clear (Brasil et al., 2019).
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The end result, regardless of the precise processes at work, is that motor
neurons are unable to maintain their axonal projections. In LMNs, axonal retraction

and denervation of the target cell result from this (Hardiman et al., 2017), causing

muscle denervation. In the UMN, this process will cause improper regulation of LMNs,
resulting in hypertonicity and weakness. Important neuronal networks are lost in the

motor and extra-motor domains (lyer et al., 2015). Itis yet unknown why motor neurons

are particularly vulnerable to the negative effects of these mutations, even though
many of the proteins encoded by genes linked to ALS are broadly expressed
throughout the body. One possible explanation is that motor neurons may be more
vulnerable to metabolic problems than other neuron types because of their larger size
and requirement to maintain longer axonal projections. Of note, however, there are
other neuron subtypes, such as sensory neurons, that have much longer axonal
extensions. The high expression of matrix metalloproteinase 9 and ephrin type-A
receptor 4, as well as the poor expression of osteopontin and insulin-like growth factor
2 by motor neurons, are additional factors that may increase the susceptibility of motor

neurons (Hardiman et al., 2017). These elements might inhibit the processes of axonal

sprouting and repair.

Of particular interest is the observation that among LMNs, those forming fast-

fatigable motor units tend to degenerate first in ALS (Saxena and Caroni, 2011).

Nonetheless, the relationship between this phenomenon and other vulnerability

factors remains to be fully elucidated.

JOSE CASTRO



Inhibitory Circuitry in Motor Neuron Disease:
Changes in Spinal and Corticospinal Mechanisms in Amyotrophic Lateral Sclerosis and its Variants

2.2. Clinical presentation

ALS presents in its classic form with two prominent features: amyotrophy,
characterized by muscle atrophy and weakness, and lateral sclerosis, which involves
degeneration of the corticospinal tract in the lateral columns of the spinal cord (Figure
2). This classic presentation is observed in approximately 85% of ALS cases

(Hardiman et al., 2017). There are, however, less common subtypes of ALS, based on

the relative UMN versus LMN involvement and the regional distribution of involvement
(Table 1).

It is crucial to distinguish between these ALS subtypes because the prognosis
tends to be more favorable in syndromes with isolated UMN or LMN degeneration
compared to classic ALS, which involves a combination of both upper and lower motor

neuron involvement.

Figure 2 - Involvement of the lower and upper motor neurons is a crucial aspect of ALS
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from Vidovic et al. (2023), under CC-BY attribution license.
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2.2.1. Phenotypes

Classical amyotrophic lateral sclerosis

ALS is characterized by progressive muscle weakness, often accompanied by
muscle atrophy, fasciculations, cramps, and a slowing of movements with muscle
stiffness. The initial muscle weakness in ALS typically begins in a specific area and
then spreads to neighboring body regions. This pattern suggests the spread of disease
pathology within the motor system, involving both spinal cord segments and the motor

cortex (Gromicho et al., 2020). In certain cases, muscle weakness may be preceded

by a period in which patients notice fasciculations, muscle cramps, or mild weight loss.

The disease typically starts with either unilateral distal muscle weakness and
atrophy in upper or lower limb muscles (spinal ALS, seen in roughly two-thirds of
patients) or in the muscles related to speech and swallowing (bulbar ALS, seen in
about one-third of patients). When ALS begins in the upper limbs, it most commonly

affects the dominant hand (Turner et al., 2011). Thenar muscles are more severely

affected than those in the hypothenar region, a phenomenon known as the split-hand

syndrome (Eisen and Kuwabara, 2012, Corcia et al., 2021a). In lower limb onset

cases, the anterior tibial muscle is usually affected earlier in the disease progression
compared to the gastrocnemius muscle, and the hamstrings show signs of weakness

before the quadriceps muscles (Jenkins et al., 2020). Approximately 3-5% of the

patients present with symptoms of respiratory impairment due to initial respiratory
muscles weakness, in particular of the diaphragm. This phenotype is typically
characterized by middle-age old man with predominant LMN involvement and marked
weight loss (Pinto et al., 2023).

Bulbar onset ALS often presents with dysarthria and/or dysphagia. Less
commonly, patients may experience dysphonia, difficulty closing the mouth, or
chewing problems. As the disease progresses, some individuals may develop

limitations in maintaining head and trunk (Wijesekera and Leigh, 2009). Rarely, these

postural problems can be the initial symptoms. About one-third of ALS patients may
also experience episodes of uncontrollable laughter or crying, a phenomenon referred

to as a pseudobulbar affect (Thakore and Pioro, 2017).
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On neurological examination, a combination of signs indicating involvement of
both UMNs and LMNs is typically observed. Signs of LMN involvement include muscle
weakness, muscle atrophy, fasciculations, and decreased muscle tone. Signs of UMN
involvement include hyperreflexia (or the presence of reflexes in atrophic muscles),
spasticity (particularly noticeable in upper limb flexors and lower limb extensors), and

a slowing of movements (such as tongue movement) (Masrori and Van Damme,

2020). In approximately 50% of patients with ALS, the degenerative process can
extend beyond the motor neurons and affect the frontal and anterior temporal lobes of
the brain. This can lead to a range of cognitive and behavioral changes, including
executive dysfunction, language impairment, and behavioral changes (Neary et al.,
2000). Cognitive changes can anticipate motor involvement (in general bulbar

symptoms) in about 1-2% of the ALS patients (Gromicho et al., 2021).

Progressive muscle atrophy

PMAis a rare sporadic disorder characterized by progressive LMN loss without

clinical signs of UMN involvement (Aran, 1850). Patients develop progressive flaccid

weakness, muscular atrophy, fasciculations, and hypo- or areflexia. Asymmetrical

involvement of distal limb muscles is the most common presentation (Statland et al.,

2015), then spreading to other anatomic regions over the course of months or even
years. Progression is, usually, slow with respiratory and bulbar involvement appearing

in later stages (de Carvalho et al., 2007). The mean age of patients with PMA is higher

than in patients with classic ALS, for this reason we have observed a more frequent

number of patients with phenotype related to population ageing (Alves et al., 2023).

Roughly 20 to 30% of patients with PMA will eventually present UMN signs, and thus,
by definition, had LMN onset ALS (Kim et al., 2009). Even in patients that did not

develop UMN clinical signs, evidence of UMN degeneration is commonly observed on

autopsies (Lawyer and Netsky, 1953, Ince et al., 2003). Neurophysiological signs of

UMN abnormalities have also been shown in PMA patients (Triggs et al., 1999, Vucic
and Kiernan, 2007, Floyd et al., 2009, Castro et al., 2021).
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Figure 3 — Example of an ALS patient, showing generalized muscle atrophy

Note: Picture kindly given by Mamede de Carvalho.

Primary lateral sclerosis

PLS is a slowly progressive condition characterized by a pure UMN syndrome,
and it is diagnosed when no other disease process can account for these symptoms

(Pringle et al., 1992, Turner et al., 2020). There is an ongoing debate as to whether

PLS is a distinct disorder or simply a variant of ALS. There are, however, some
pathological evidence, such as the presence of ubiquitinated TDP-43 inclusions
(Mackenzie, 2020), suggesting shared characteristics with ALS. Patients present with

progressive spasticity and slowing of movements, without muscle atrophy or evident

JOSE CASTRO



Inhibitory Circuitry in Motor Neuron Disease:
Changes in Spinal and Corticospinal Mechanisms in Amyotrophic Lateral Sclerosis and its Variants

fasciculations (Pringle et al., 1992). Distinguishing PLS from ALS, especially in the
early stages, can be challenging because some individuals with ALS may initially
exhibit only UMN signs. New criteria define that if there are no clinical or
electromyographic LMN for 4 or more years after onset, a diagnosis of PLS is accepted

as definitive (Turner et al., 2020). However, this distinction is clouded by the minor

EMG changes commonly observed in patients with PLS (de Carvalho et al., 2020).

Cognitive impairment, in particular behavioral changes, can occur in individuals

with PLS, mirroring the cognitive manifestations observed in ALS (Grace et al., 2011).

Moreover, the same mutations can cause ALS and PLS phenotypes in the same
family, highlighting the complex and heterogeneous nature this part of the MND

spectrum (Corcia et al., 2021c).

Other variants

There are a wide range of ALS/MND variants.

The upper extremity regional variant, known as Flail-arm syndrome or Vulpian—

Bernhart syndrome (Gamez et al., 1999), initially affects the proximal upper limb in a

symmetrical pattern, without progression to another region for at least 12 months.
Weakness and wasting gradually evolve leading to severe wasting of the shoulder

gridle and arms.

The lower extremity regional variant, known as Flail leg syndrome or

Pseudopolyneuritic form of ALS (Patrikios, 1918), usually involves both lower limbs in

a symmetrical manner, with weakness and wasting beginning in the distal lower limbs.

Other variants are pseudobulbar palsy (PBP), and progressive bulbar atrophy
(PBA), which primarily affects the muscles in the bulbar territory, including those of the

tongue, pharynx, larynx, jaw, and face, with pure UMN (PBP) or LMN (PBA) signs

The Mill’'s syndrome (Mills, 1906), also known as hemiplegic ALS, is an

uncommon UMN ALS variant phenotype, that resembles a form of PLS and is
characterized by a progressive hemiplegic pattern of motor deficit with isolated UMN
signs. Despite being considered a part of the MND spectrum, the classification as an
ALS variant has been debated (Jaiser et al., 2019).
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Table 1 - Phenotype classification based on clinically imputed anatomy of neuropathology

CNS Anatomical Region Involved* Innervated Peripheral Body Region Involved*
Fronto-temporal Bulbar Limb Higher cortical function &
UMN LMN _ :
regions muscles muscles behavior
Based on Level of involvement
ALS ++ ++ ++ ++
PLS ++++ +/- +/- ++ ++ +/-
PMA - +4+++ +/- ++++
Based on Body Region of involvement
Bulbar ALS ++ ++ +++ + +/-
Pseudobulbar ALS +4+++ - - -
Limb-onset ALS ++ ++ +/- +/- ++ +/-
Limb-variants - ++++ +/- +++ +
Mill’s variant ++ 4+ - +/- 4+
Associated cognitive changes
FTD or
behavioral/cognitive +/- +/- ++++ +/- +/- ++++
impairment

UMN - upper motor neuron; LMN — lower motor neuron; ALS — amyotrophic lateral sclerosis; PLS — primary lateral sclerosis; PMA —
progressive muscular atrophy; FTD — frontotemporal dementia; ++ — typical and to variable degree; +/- — possible but not typical; ++++ — primary
feature; - — not present. Note: Adapted from Ravits et al. (2013), with permission

2.2.2. Diagnosis

The clinical heterogeneity of ALS, further aggravated by its variants, makes a
definitive diagnosis a challenging task. Over the past 30 years, several diagnostic
criteria, using clinical and neurophysiological data, have been proposed and
internationally established (Table 2). Through the years, these criteria have been
revised to reflect the increasing knowledge of the disease and accumulated

experience.

The original diagnostic criteria became known as the El Escorial criteria

(Brooks, 1994). Some years later, the same research group from the World Federation
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of Neurology, proposed a revised El Escorial criteria (Brooks et al., 2000). Several

years later, a group of neurologists gathered in Awaji-shima, Japan, and proposed a

new set of diagnostic criteria for ALS (de Carvalho et al., 2008). These criteria

emphasize the importance of electromyographic findings, principally of the
fasciculations potentials, which are considered equivalent to fibrillation or sharp waves
when investigating strong muscles (in particular cranial-innervated muscles) from
patients with ALS suspicion. These diagnostic criteria added a significant clinical

impact in ALS diagnosis (Costa et al., 2012), and became widely used for many years.

Recently some concern has been raised about the complexity and poor interrater

variability (Johnsen et al., 2019) of both the revised El Escorial and the Awaiji criteria,
that may lead to poorer sensitivity. This is of particular significance in multicenter trials,
where patients without criteria for “probable” or “definite” ALS may be excluded. Given
these limitations, an international consensus group of experts from different fields
gathered in Gold Coast, Australia, to rethink the current ALS diagnostic ALS criteria.
This group proposed a simpler set of criteria, which improves the diagnostic process

in earlier stages of ALS (Shefner et al., 2020), allowing possible future therapies the

best chance of success in trial settings. In recent retrospective studies of large
population of patients, the sensitivity of the Gold Coast criteria was compared with that
of the Awaiji and revised EI Escorial criteria, showing higher sensitivity (Hannaford et
al., 2021, Pugdahl et al., 2021), without loss of specificity (Pugdahl et al., 2021).
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Table 2 - Diagnostic criteria for ALS

Revised El Escorial criteria
(2000)

Awaiji criteria* (2008)

Gold Coast criteria* (2019)

Presence of ALS

Definite ALS

Probable ALS

Clinically probable ALS: laboratory-
supported

Possible ALS

Different diagnostic categories
(See below)

UMN and LMN signs in three spinal
regions

OR

Bulbar region and two spinal
regions

UMN and LMN signs in at least two
regions with some UMN signs
necessarily rostral to (above) the
LMN signs

UMN and LMN signs in one region,
OR

UMN signs alone present in one
region, and LMN signs defined by
EMG criteria present in at least two
regions

UMN and LMN signs in one region,
OR

UMN signs in two or more regions;
OR

LMN signs are found rostral to
UMN signs and the diagnosis of
clinically probable ALS-laboratory-
supported cannot be proven

Different diagnostic categories
(See below)

UMN and LMN signs in three spinal
regions

OR

Bulbar region and two spinal
regions

UMN and LMN signs in at least two
regions with some UMN signs
necessarily rostral to (above) the
LMN signs

(EMG changes = to clinical signs)

Category abolished

UMN and LMN signs in one region,
OR

UMN signs in two or more regions;
OR

LMN signs are found rostral to
UMN signs.

Neuroimaging and clinical
laboratory studies will have been
performed and other diagnoses
must have been excluded

Progressive motor impairment
documented by history or repeated
clinical assessment, preceded by
normal motor function, AND

Presence of UMN and LMN
dysfunction in at least one body
region

OR

LMN dysfunction in at least two
body regions, AND

Investigations excluding other
disease processes

(EMG changes = to clinical signs)

Abolished

Abolished

Abolished

Abbreviations: ALS, amyotrophic lateral sclerosis; LMN, lower motor neuron; UMN, upper motor neuron.

* For Awaiji criteria, LMN dysfunction was defined by clinical, electrophysiological, or neuropathological examination. Fascicul ation potentials
were regarded as equivalent to ongoing changes (fibrillation potentials and positive sharp waves) in the presence of chronic neurogenic changes.

* For Gold Coast criteria, LMN dysfunction was defined clinically or by electrophysiological assessment. Diagnostic categories were excluded in
the Gold Coast criteria. Note: Adapted from Vucic et al. (2021), with permission.

2.2.3. Prognosis

Death usually occurs due to respiratory failure. However, life expectancy in ALS

is extremely variable, due to a significant variability in its prognostic factors (Chio et

al., 2009). Median survival from symptom onset has been reported in the literature

ranging from a mean of 3 to 5 years (

Armon, 1994

), to a span of a few months to more

than 10 years (Chio et al., 2009). Patients with the classical form of ALS have worse
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prognosis than those with incomplete forms of MND, such as PMA or PLS (Millul et
al., 2005).

There is evidence, according to several published works, that several variables
are linked to ALS patients' longer survival times. Younger age at symptom onset,
longer interval between symptom onset and diagnosis (diagnostic delay), limb rather
than bulbar onset, absence of cognitive impairment, absence of respiratory muscle
weakness, high functional score at baseline and slow rate of its decay, and no weight
loss are the most relevant favorable prognostic factors (Elamin et al., 2011, Pinto et
al., 2012, Mousavi et al., 2014, Pupillo et al., 2014, Wolf et al., 2014).

Some studies have suggested that survival has increased in recent years,
associated with a larger and earlier user of non-invasive ventilation and riluzole
treatment (Alves et al., 2023).

2.2.4. Clinical management

The treatment of ALS requires a multidisciplinary approach. Given that a
definitive cure has not yet been identified, the provision of comprehensive care,
including respiratory and nutritional management, has been demonstrated to enhance

the quality of life and extend survival for individuals with ALS.

Disease modifying treatments

Despite numerous clinical trials and advancements in our comprehension of
ALS, the quest for agents capable of modifying the course of the disease or offering
neuroprotection has yielded limited success. To date, riluzole is the only disease

modifying treatment approved.

Riluzole, which principally acts as an anti-glutamatergic drug, was the first drug

approved for ALS (Bensimon et al., 1994). It has been shown to have a modest effect

on survival (Mitchell et al., 2006), with a probable increase by a few months, when

taken for a 18 month period (Miller et al., 2007). The precise mechanism of action of

riluzole is not fully understood, but it is believed to involve several processes. These
include interference with N-methyl-D-aspartate (NMDA) receptor-mediated

responses, stabilization of the inactivated state of voltage-dependent sodium
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channels, inhibition of glutamate release from pre-synaptic terminals, and

enhancement of extracellular glutamate uptake (Distad et al., 2008). It is generally well

tolerated, without significant side effects other than a possible change in liver function

tests, which should be regularly monitored (Bensimon and Doble, 2004).

Edaravone, which is a free radical scavenger, is believed to have an effect
against oxidative stress, protecting neurons, glia, and vascular endothelial cells (Takei

et al., 2017). It was first approved in Japan and South Korea in 2015, and in the USA

in 2017. Currently it is approved only in a small number of countries worldwide. It has
shown a very modest effect in delaying disease progression, as measured by the
progression of the Amyotrophic Lateral Sclerosis Functional Rating Scale (ALSFRS)
scale (ALS 19 STUDY GROUP, 2017), in a very selected population of patients and

without any positive effect on respiratory function. Data on the impact of Edaravone in

survival in ALS is scarce (Takei et al., 2017).

Very recently the antisense oligonucleotide Tofersen has been approved by the
FDA for the treatment of ALS-associated SOD1 mutations. It has been shown to slow

disease progression, in particular in fast progressors (Miller et al., 2022).

Numerous clinical trials are being conducted in ALS currently, with different
types of drugs targeting different pathophysiological mechanisms (Figure 4). From old
drugs with new indications, such as Tauroursodeoxycholic acid (TUDCA), TUDCA
associated with sodium phenylbutyrate (AMX-0035), Tamoxifen, Xaliproden or
Matisinib, among others, to use of stem cells, and new gene therapies, including
antisense oligonucleotides, RNA interference, Clustered Regularly Interspaced Short
Palindromic Repeats (CRISPR), adeno-associated virus (AAV)-mediated trophic
support, and antibody-based methods, the next few years should bring exciting

novelties regarding disease modifying therapeutics in ALS (Amado and Davidson,

2021, Corcia et al., 2021b). Of note, however, is the need to develop specific

biomarkers that can adequately bridge the gap between preclinical studies and clinical

efficacy of a given drug (Maragakis et al., 2023).

Symptomatic treatments

Respiratory insufficiency is a frequent occurrence in individuals with ALS and is

the most relevant determinant of survival. The initial symptoms of respiratory muscle
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weakness encompass difficulties in breathing during exertion or speaking, later
followed by orthopnea, disrupted sleep, excessive daytime drowsiness, morning
headaches, fatigue, loss of appetite, depression, reduced concentration, vivid

nightmares, and nocturia (Heffernan et al., 2006). Clinical signs that become apparent

during a physical examination may involve tachypnea, the use of accessory muscles
for breathing, paradoxical movement of the abdomen, and a weak cough (Leigh et al.,
2003). Measurements of the forced vital capacity (FVC) or slow vital capacity (SVC)

are the most widely available measures for detecting respiratory insufficiency.

Figure 4 - The major ALS pathophysiological targets currently being pursued
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Phrenic nerve responses may also be used to predict hypoventilation in ALS

(Pinto et al., 2012). Taking proactive measures to address respiratory symptoms can

have a beneficial effect on the quality of life and survival of individuals with ALS

(Bourke et al., 2006). Respiratory support for ALS patients primarily relies on non-
pharmacological interventions such as non-invasive ventilation (NIV) or, in selected

cases, invasive ventilation through a tracheotomy. Among non-invasive ventilation
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methods, bi-level positive pressure devices (BiPAP) are commonly employed, while
continuous positive pressure (CPAP) ventilation is typically not as effective (The EFNS

Task Force, 2012). NIV increases survival and quality of life of ALS patients, with a

more positive impact on spinal-onset patients (Pinto et al., 1995).

Nutritional status is a significant prognostic risk factor in ALS. Major
impediments to maintaining adequate nutrition in ALS patients include dysphagia and
arm weakness. Additionally, factors such as anxiety, depression, and constipation
further compound the challenges associated with ensuring proper nutrition for
individuals with ALS. The initial management of dysphagia is based on dietary
counselling, modification of food and fluid consistency (blending food, adding
thickeners to liquids), prescription of high-protein and high-caloric supplements, and
education of the patient and carers in feeding and swallowing techniques (The EFNS

Task Force, 2012). When tube feeding is required, percutaneous endoscopic

gastrostomy (PEG) is the standard procedure for enteral nutrition (The EFNS Task

Force, 2012). Although it has been demonstrated to have a positive effect on nutrition,

there does not seem to have a significant impact on quality of life or survival (Heffernan

et al., 2004). In ALS, hypermetabolism and higher energy expenditure contributes to

weight loss and poor prognosis (Funalot et al., 2009).

Further treatments usually employed in ALS are in the context of the symptoms
that are typical of this disease like sialorrhea, spasticity, bronchial secretions, cramps,
depression and anxiety, and pseudobulbar emotional liability, among others (The
EFNS Task Force, 2012).
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3. Neurophysiology in ALS - contributions to
understanding spinal and supraspinal mechanisms of
inhibition

Neurophysiology is a multifaceted field, with many different approaches and
possibilities, allowing assessment of central, peripheral and even autonomic nervous
system. In ALS, neurophysiology plays an irreplaceable role, from diagnostic, to
understating pathophysiological mechanisms, monitoring disease progression, and,

eventually, as a potential biomarker for assessing therapeutic efficacy.

Standard nerve conduction studies, motor and sensory neurography and F-
wave studies, are usually unremarkable in ALS, and its role is mainly one of exclusion
of other diseases (Eisen and Krieger, 2004, de Carvalho and Swash, 2006). On the

other hand, conventional needle EMG has been an intrinsic part of the ALS diagnosis

for many years and is still considered the standard tool to assess LMN involvement

(Shefner et al., 2020). Fasciculation potentials are, usually, one of the earliest changes

observed in affected muscles of ALS patients, while the presence of active denervation
coupled with ongoing reinnervation is very characteristic of ALS, both of which are
evident on needle EMG (de Carvalho and Swash, 2006, de Carvalho and Swash,
2013, 2016).

Other, less conventional techniques have also been used in ALS. Several
different motor unit number estimation (MUNE) techniques have been studied, with

the purpose of quantifying surviving motoneurons in ALS patients (Bromberg, 2013,

Swash, 2017). Studies of the phrenic nerve have demonstrated its utility as a predictor

of hypoventilation (Pinto et al., 2009) and survival (Pinto et al., 2012).

The aforementioned techniques, however, despite being invaluable in the study
of the LMN, are not adequate for assessing the UMN or segmental spinal systems. In
this chapter several techniques to assess spinal and supraspinal mechanisms, with

an emphasis on inhibitory processes in ALS, will be discussed.
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3.1. H Reflex

The Hoffmann reflex, commonly referred to as the H reflex (Magladery and

McDougal, 1950), is one of the most studied reflexes in humans. This reflex, initially

described by Hoffmann in the early 20th century (Hoffmann, 1918), provides valuable

insights into the functioning of the human nervous system. Magladery et al. (1951)

demonstrated that the latency of the motoneurons discharge in the H reflex is
consistent with a monosynaptic pathway, which is equivalent to the monosynaptic

reflex in animal studies (Paillard, 1955). The H reflex is, mainly, a monosynaptic spinal

reflex that involves the excitation of alpha-motoneurons in response to electrical
stimulation of peripheral nerves. It bypasses the muscle spindle, and is theoretically

less affected by the fusimotor drive, directly activating the alpha motor neurons

(Pierrot-Deseilligny and Mazevet, 2000, Burke, 2016). Its unique characteristics have
made the H reflex an invaluable tool in the study of neuromuscular physiology, offering
a window into the complex interplay of neural pathways that govern motor control and
sensory feedback, allowing the examination of spinal cord excitability and motor

neuron activity (Pierrot-Deseilligny and Burke, 2012).

When a mixed peripheral nerve is electrically stimulated above the motor
threshold (MT), it elicits two distinct responses in the corresponding muscle: an M-
wave and an H reflex (Figure 5). The M-wave is a short-latency direct motor response
due to the stimulation of motor axons. It is generated by the orthodromic activation of
alpha-motoneurons, which in turn activate their corresponding muscle fibers. The H
reflex is a longer-latency reflex response due to the activation of la afferents. la
afferents are sensory neurons that originate in the muscle spindles and project to the
spinal cord where they have a monosynaptic projection onto alpha-motoneurons,
which in turn activate their muscle fibers. At supramaximal stimulation, the H reflex is
absent due to collision of the descending motor volley with the orthodromic afferent
volley. The descending motor volley is the motor signal that travels back down the
motor axons to the muscle. The orthodromic afferent volley is the sensory signal that
travels up the la afferents to the spinal cord. When these two volleys collide, they

cancel each other out, and the H reflex is not produced (Figure 5 d.h).
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Figure 5 — Recruitment curve of the H and M waves in the soleus
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Sample electromyographic (EMG) responses are shown in (e)—(h) and sketches of the corresponding volleys in la
afferents (dotted lines) and motor axons (continuous lines) in (a)—(d) when the stimulus intensity is progressively increased.
Motoneurons discharged by the la volley are black, muscle fibres activated by the H reflex are speckled and those activated by
the M wave are hatched. (a) and (e) Stimulation (at 9 mA) activates only la afferents and causes motoneuron ‘X’ to fire in the H
reflex. (b) and (f) Stronger stimulation (12 mA) activates more la afferents and this causes motoneurons ‘X’ and 'Y’ to fire in the
H reflex, which increases in size. It also elicits a motor volley in the axon of motoneuron ‘Z" and an M wave appears in the EMG.
The antidromic motor volley in motoneuron ‘Z’ does not collide with the reflex response, because this MN does not contribute to
the reflex. (c) and (g) Even stronger stimulation (15 mA) causes motoneurons ‘X’ and ‘Y’ to fire in the H reflex and elicits a motor
volley in the axon of motoneurons ‘Z’ and ‘Y’. As a result, an M wave appears in the muscle fibres innervated by motoneuron ‘Y’.
The antidromic motor volley collides with and eliminates the reflex volley in the axon of motoneuron ‘Y’, and the H reflex
decreases. (d) and (h) Yet stronger stimulation (30 mA) produces Mmax, and the H reflex is eliminated by collision with the
antidromic motor volley. Note that collision between the antidromic volley and the reflex discharge will also prevent antidromic
invasion of those reflexly activated motoneurons, so that F waves cannot occur in them. The vertical dashed line in (e)—(g)
indicates the latency of the H reflex. (i) The amplitude of the H reflex (o) and of the Mwave (o) are plotted against stimulus

intensity. Note: adapted from Pierrot-Deseilligny and Burke (2012), with permission

It is important to note that the H reflex and M wave activate different sets of
alpha-motoneurons. The recruitment of alpha-motoneurons follows an organized
pattern (Figure 6), starting from the smallest (which are more excitable and associated
with larger la EPSPs) and progressing to the largest (less excitable with smaller la

EPSPs), as described by Henneman et al. (1965). Consequently, during the H reflex,
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smaller motoneurons, which innervate slow motor units, are recruited first. In contrast,
electrical motor stimulation preferentially stimulates larger diameter axons innervating

fast motor units, and motor axons closer to skin surface.

Figure 6 - Classification of motor unit types from muscle fibers based on histochemical profile,

size, and twitch (contractile) characteristics
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A theoretical continuum of differing contractile and morphologic characteristics is shown for each of the three motor
unit types. It is important to note that the range of any single characteristic may vary considerably within any given motor unit

(either within or between whole muscles). Note: Adapted from Neumann et al. (2017), with permission.

There are, however, some misconceptions regarding this reflex response that
are important to address. The H reflex is often regarded as the electrical equivalent of
the tendon jerk or stretch reflex, with the primary distinction being that the H reflex
operates independently of the muscle spindle mechanisms that are typically involved
in the tendon jerk reflex. However, there are ample evidence on the literature that this

view is too narrow and ignores other well-established differences (Pierrot-Deseilligny

and Burke, 2012). Despite depending on monosynaptic excitation, the H reflex is not

exclusively a monosynaptic reflex (Burke, 2016). la afferents establish robust

monosynaptic excitatory connections with motoneurons within the homonymous motor
neuron pool. They also form, however, relatively weaker monosynaptic projections to
motoneurons in heteronymous (synergistic) motor neuron pools. Additionally, there is

evidence to suggest the presence of oligosynaptic projections connecting la afferents
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to both homonymous and synergistic motoneurons (Knikou, 2008, Pierrot-Deseilligny

and Burke, 2012). Technically it is not possible to stimulate the la afferents, without

also stimulating other neural structures. This is of particular importance if we consider
the group Ib afferents from the Golgi tendon organs that exert an inhibitory effect on

the motoneuron pool (Pierrot-Deseilligny et al., 1981). Based on probable conduction

velocities of afferent neurons (Pierrot-Deseilligny and Burke, 2012), the excitatory and

inhibitory influences will arrive in the same time frame to the motoneuron pool. As a
result, although the excitation driving the H reflex is predominantly monosynaptic, the
actual reflex response is influenced by a delicate interplay between the excitation from
la afferents and the inhibitory input from Ib interneurons. This balance dictates the
discharge of the reflex, which is also contingent on the level of excitability exhibited by

the Ib inhibitory interneuron (Burke, 2016).

There are a few studies of the standard H reflex in ALS, albeit with somewhat
surprising findings. Typically, the Hmax/Mmax ratio is increased in diseases

characterized by spasticity and hyperreflexia (Misiaszek, 2003), however, in ALS this

is not the case (Raynor and Shefner, 1994, Mazzini et al., 1997), even in patients with

clinical UMN signs. This finding has been attributed to changes in the recruitment
curve of the H reflex relatively to the M wave recruitment curve, probably due to a
preferential loss in large, faster conducting peripheral axons, altering the dynamic of
H reflex recruitment and decreasing the Hmax amplitude. This loss also increases H

reflex latency (Simon et al., 2015). An alternative measure has been recently

proposed, the He/Mp ratio (Simon et al., 2015). He and Me are calculated from the slope

angle of the earliest rising phase of the H- and M-wave recruitment curves,
respectively. This ratio is not influenced by the collision phenomenon of antidromic
and orthodromic impulses, given that the recruitment of the H reflex follows the size

principle (Buchthal and Schmalbruch, 1970), whereas the earliest phase of the M wave

recruitment curve is formed by large caliber motor axons (Feiereisen et al., 1997). The

He/Mp ratio is increased in ALS/MND relatively to healthy controls, while the Hmax/Mmax

ratio was not significantly different (Simon et al., 2015). Another frequent finding in

ALS patients is the easiness with which this reflex can be recorded in muscles typically
difficult to obtain a response in healthy subjects, like in the intrinsic hand muscles, as

well as the presence of an H reflex in weak or wasted muscles (Bae et al., 2013).
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The H reflex can also be used in conditioning paradigms to assess post-
synaptic events or changes in the amount of the presynaptic inhibition acting on la
afferent terminals. This is possible because the amplitude of the H reflex is influenced
by the excitability of motoneurons, and the ongoing presynaptic inhibition exerted on
the la afferents responsible for conveying the test afferent volley. Consequently, the H
reflex provides an effective means to investigate spinal neuronal pathways and
mechanisms, both in a resting state and during various movements in human subjects.
There are several of these condition paradigms described in human subjects (Pierrot-

Deseilligny and Burke, 2012). In the next pages, some of these paradigms (the ones

relevant to the present work) will be described.

Recurrent inhibition

The first spinal pathway to be identified was recurrent inhibition, which was
extensively studied in terms of its structure, function, and response to drugs in animal

experiments long before other spinal pathways could be explored (Renshaw, 1946).

Additionally, it was among the earliest pathways for which a dependable, selective

investigative technique was developed for use in human subjects (Pierrot-Deseilligny

and Bussel, 1975). This capability stemmed from its distinctive characteristic of being

triggered by the final motor output rather than relying on a specific afferent input

(Eccles et al., 1954). While human experiments have contributed to our understanding

of the practical significance of this form of negative feedback, the precise role, or roles

it serves remains a subject of ongoing debate.

Recurrent inhibition is mediated by a specific inhibitory neuron located medially

to the motor nuclei in the ventral horn, called the Renshaw cell (Renshaw, 1946).

These cells are stimulated by axon branches originating from motoneurons and exert
inhibition to alpha-motoneurons that innervate either the same or synergistic muscles
(Figure 7). Renshaw cells are influenced by dorsal roots, group Il and Ill muscle
afferents, cutaneous afferents and ipsilateral and contralateral segmental afferents
(Knikou, 2008).
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Figure 7 — Recurrent inhibition pathway diagram
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Spinal circuit denotes the neuronal pathway of Renshaw cells and their connections to alpha (a)- and gamma (y)-
motoneurons, and la inhibitory interneurons between ankle flexors and extensors. Renshaw cells depress the activity of a—y
motoneurons, and la inhibitory interneurons. Broken lines indicate parallel control of a-motoneurons, la inhibitory interneurons,
and Renshaw cells by the brain; closed circles: inhibition, closed triangles: facilitation. Note: Adapted from Knikou (2008), with

permission.

This extensive merging of input from various reflex pathways implies that the
local feedback control offered by recurrent inhibition is adaptable and not fixed in a
rigid, predetermined manner. Recurrent inhibition plays a significant role not only as a
feedback tool of motoneurons, but also as a relevant mechanism in the neural control

of movement.

Figure 8 — Presynaptic inhibition of la afferents reflected by changes of heteronymous la

facilitation - heteronymous recurrent inhibition
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(A) Sketch illustrates the spinal circuit during which femoral nerve (FN) stimulation at low intensities delivered after
posterior tibial nerve stimulation induces monosynaptic excitation of soleus a-motoneurons. Changes in the amount of
heteronymous la facilitation reflect modulation of the on-going presynaptic inhibition acting on the la afferents of the conditioning
afferent volley (quadriceps la afferents), (B) time course of soleus H-reflex facilitation by FN stimulation in one seated subject

and (C) full-wave waveform rectified averages (n = 20) of the control and conditioned H-reflex following FN stimulation at —7.8 ms
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are shown. Note that the heteronymous la reflex facilitation occurred without a significant change in the size of the M-wave. Note:
Adapted from Knikou (2008), with permission.

Recurrent inhibition may be estimated in humans by assessing heteronymous
recurrent inhibition (Figure 8) through stimulation of a nerve supplying an
heteronymous muscle to the one being assessed, or by assessing homonymous
recurrent inhibition (Figure 9) using the paired H reflex technique (Pierrot-Deseilligny
and Burke, 2012).

Figure 9 — Assessment of homonymous recurrent inhibition, with the paired H reflex technique
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(a)—(g) Volleys in la afferents and motor axons ((a)—(d)), and corresponding EMG responses ((e)—(g)). Motoneurones
(MNs) and muscle fibres activated in the H reflex are grey; muscle fibres activated in the M wave are speckled; orthodromic and
antidromic volleys are indicated by vertical arrows. (a) Conditioning stimulation (S1) activates some la afferents (dashed line) and
discharges MNs ‘X’ and ‘Y’, and the resulting H1 response is shown in (e). (b) Supramaximal (SM) stimulation recruits all la
afferents (dashed and dotted lines) and all motor axons, producing the maximal M wave in (f), which is not followed by a reflex
response, because the antidromic motor volley collides with and eliminates any reflex volley in motor axons. (c) When S1
precedes SM by 10 ms, the EMG contains the Mmax response (g). The antidromic volley evoked by SM collides with the
conditioning H1 reflex discharge elicited by S1 in MNs ‘X’ and Y’, and eliminates it in the corresponding axons, so that the H1
discharge does not appear in the EMG (the arrow in (g) indicates its predicted site). (d) Because of the collision between the SM
antidromic volley and the H1 reflex discharge, the axons of MNs ‘X and ‘Y’ are freed from antidromic impulses, and the reflex
response due to SM (H’) can appear in the EMG in (g). However, due to recurrent inhibition brought about by the H1 reflex
discharge, the strong la volley due to SM cannot fire MN ‘Y’ ((c)—(d)) and H’ is smaller than H1. Because MN ‘Z’ is not involved

in the conditioning reflex, it cannot be assessed by the test reflex. Note: Adapted from Pierrot-Deseilligny and Burke (2012), with

permission.
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There are very few studies assessing this paradigm in ALS. Raynor and Shefner

(1994) have reported a decrease in homonymous recurrent inhibition in a cohort of 12
ALS patients with lower limb spasticity. A reduced duration of recurrent inhibition was

reported by Ozyurt et al. (2020), using single motor unit recordings. A recent study by

Sangari et al. (2022), has reported interesting findings by assessing heteronymous

recurrent inhibition in ALS patients. This study showed that heteronymous recurrent
inhibition was increased proximally (quadriceps) but reduced distally (soleus) as
compared with healthy controls. Interestingly, higher amounts of inhibition were
reported in early affected patients, while lower inhibition in patients with more severe

involvement of the lower limbs was seen.

Presynaptic inhibition of la terminals

A continuous stream of afferent input is directed towards the spinal cord from
multiple sources, encompassing the skin, muscles, tendons, and joints. The regulation
of this sensory feedback, either through inhibition or facilitation, is essential for the
successful execution of motor tasks. One critical juncture where the control of sensory
feedback from the periphery can be efficiently managed is at the presynaptic inhibitory
synapses situated on the afferent terminals that connect with alpha-motoneurons
(Knikou, 2008).

These inhibitory synapses are GABAergic (Rudomin and Schmidt, 1999) and

mediated by spinal interneurons activated by group | afferents and controlled by

descending tracts (Jankowska, 1992). The inhibitory effect of this pathway has a long-

lasting duration (several hundreds of milliseconds), probably reflecting the slow
dynamics of GABA (Rudomin and Schmidt, 1999). Presynaptic inhibition is a

phenomenon that can originate from various sources and serves as an inhibitory
mechanism involved in the modulation of monosynaptic reflexes across a wide range
of conditions. There are several control mechanisms of interneurons mediating
presynaptic inhibition (Figure 10). Regarding descending control from higher centers,
most of the modulation is inhibitory, i.e., it decreases the presynaptic depolarization

and thereby the presynaptic inhibition.

This mechanism of inhibition of la afferents holds a pivotal role in the neural
control of movement as it acts as a gatekeeper for sensory afferent feedback entering

the spinal cord, facilitating the seamless execution of movements and motor tasks.
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The fine-tuning of presynaptic inhibition by la afferents to motoneurons, depending on
whether they are engaged in contraction or not, can significantly contribute to the
creation of muscle synergies and movement patterns tailored to the specific motor task
being performed (Rudomin and Schmidt, 1999, Knikou, 2008).

Figure 10 — Wiring diagram of pathways of presynaptic inhibition with primary afferent

depolarization on la terminals in the cat
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Excitatory synapses are represented by Y-shape bars and inhibitory synapses by small filled circles, first-order
excitatory primary afferent depolarization (PAD) interneurons (IN) by open circles, last-order GABAA-ergic PAD INs by filled grey
circles and inhibitory INs by large filled circles. First-order PAD INs receive excitation from la and Ib afferents and the
vestibulospinal (VS) tract, and inhibition through the same inhibitory INs from cutaneous afferents and the corticospinal (CS) tract
(though there is an alternative corticospinal pathway facilitating first order PAD INs, indicated by the thin continuous line).
Inhibitory INs inhibiting first-order PAD INs receive descending tonic inhibition (dotted line). Last-order PAD INs receive inhibition
from reticulospinal (RS) pathways, themselves inhibited from higher centres. Three mechanisms could contribute to a tonic level
of presynaptic inhibition at rest in human subjects: (i) tonic inhibition from higher centres of the brainstem structures through
which RS pathways maintain tonic inhibition on last-order PAD INs (i.e., disinhibition of PAD INs through control of RS
suppression: pathway [1]); (ii) tonic inhibitory control of the inhibitory INs transmitting cutaneous inhibition of first-order PAD INs
(i.e., disinhibition of PAD INs through control of afferent suppression: pathway [2]); (iii) tonic VS excitation of first-order PAD INs

(i.e., descending excitation: pathway [3]). Note: Adapted from Pierrot-Deseilligny and Burke (2012), with permission.

There are several methodologies to assess presynaptic inhibition in man

(Pierrot-Deseilligny and Burke, 2012): applying a brief vibration on a heteronymous
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muscle; electrical stimulation of nerves supplying muscles antagonistic to the
motoneuron pool tested; and assessing the amount of heteronymous la monosynaptic
facilitation and thus infer background presynaptic inhibition. Figure 11 illustrates one
of the possible pathways for assessing presynaptic inhibition, by stimulating a nerve

supplying an antagonist of the target muscle.

Figure 11 — Presynaptic inhibition of la afferents induced by a conditioning afferent volley
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Common peroneal (CP) nerve stimulation at low intensities is delivered before posterior tibial nerve stimulation to
establish based on the amplitude of the conditioned soleus H-reflex the amount of presynaptic inhibition acting on soleus la
afferent terminals (A) and average size of the soleus H-reflex conditioned by CP nerve stimulation at C—T intervals ranged from
60 to 120ms for 10 seated subjects (B). Note: Adapted from Knikou (2008), with permission.

There is little information on presynaptic inhibition in ALS. (Schieppati et al.,

1985) described less inhibition of the soleus H reflex after relaxation of a voluntary
soleus contraction in ALS patients, which was interpreted as a failure to activate
presynaptic inhibitory processes. Presynaptic inhibition was also described as

decreased after a conditioning vibration stimulus (Morin and Pierrot-Deseilligny, 1988,

Pierrot-Deseilligny, 1990). More recently, Howells et al. (2020) elegantly described a

decrease in presynaptic inhibition of la afferents by using a conditioning stimuli in the
deep peroneal nerve 11-50 ms prior to the test H reflex stimulus (D1 inhibition see

Mizuno et al. (1971)). Anovel threshold tracking technique, instead of the conventional

constant-stimulus technique, was used. The findings of this work led the authors to
suggest that dysfunction of spinal interneurons could play a major role in ALS

pathophysiology.
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Inhibition after cutaneous stimulation

Cutaneous receptors play a vital role in generating a wide range of sensations,
including touch, pain, and temperature. However, it is important to note that all
cutaneous mechanoreceptors can become active during movement, even in the
absence of contact with an external object. Additionally, cutaneous axons of varying
sizes can influence motor behavior. Like muscle afferents, cutaneous afferents are not
uniform; they vary in terms of receptor type, fiber type, spinal pathway connectivity,

central projections, and functional role.

Cutaneous afferents can impact motor behavior through shared pathways due
to their extensive convergence onto interneurons located within pathways fed by
muscle afferents and descending nerve tracts. They also influence primary afferent
depolarization interneurons. Additionally, they have the capacity to independently

modulate motor behavior through various routes (Pierrot-Deseilligny and Burke, 2012)

(Eigure 12).

Figure 12 — Wiring diagram of one of the presumed pathways, postsynaptic, of cutaneous

influence over alpha motoneurons
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activate a chain of interneurons (Ins) that produce postsynaptic inhibition of Soleus motoneurons and excitation of the antagonist

Tibialis anterior motoneurons. Note: Adapted from Pierrot-Deseilligny and Burke (2012), with permission.
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In humans, changes in excitability of the soleus motoneuron pool after
stimulation of the sural nerve have been described (Bathien and Hugon, 1964, Hugon,
1973, Pierrot-Deseilligny et al., 1973, Delwaide et al., 1981, Klomjai et al., 2014).

These changes are dependent on the intensity of the stimulus (painful vs non-painful),
the number of stimulus (one stimulus vs a train of stimuli) and the time course between

the conditioning and the test stimulus. Delwaide et al. (1981) elegantly demonstrated

that a train of 7 stimuli of 1 ms duration applied to lateral malleolus, provoked inhibition
and facilitation of the soleus H reflex at different time points and depending on the
stimulus intensity (Figure 13). Of interest, at the same timepoints, the H reflex of the
TA was greatly facilitated.

There are no studies reported in the literature assessing this specific pathway
in ALS.

Figure 13 — Recovery curves of the soleus H reflex after stimulation of the ipsilateral sural

nerve at different intensities
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A: at threshold; B: at 2-5X threshold intensity and C: at 4*5X the threshold intensity. In abcissa (semi log): delays in ms
between the stimulation of the sural nerve and that of the posterior tibial nerve. In ordinate, the amplitude of the conditioned
responses expressed as a percentage of reference values. The limits of standard deviations appear on both sides of the control
values. Note: Adapted from Delwaide et al. (1981), with permission.
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A detailed revision of the H reflex physiology, mechanisms and conditioning
paradigms is beyond the scope of this thesis. There are several detailed and
comprehensive reviews of the H reflex in humans the reader can refer to (Burke et al.
1999, Pierrot-Deseilligny and Mazevet, 2000, Fisher, 2002, Misiaszek, 2003, Knikou,
2008, Pierrot-Deseilligny and Burke, 2012).
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3.2. Cutaneous Silent Period

The temporary interruption of voluntary skeletal muscle contraction following
strong stimulation of a cutaneous nerve is referred to as the cutaneous silent period
(CutSP) (Shahani and Young, 1973). Thus, a CutSP is characterized by a temporary

reduction, either relative or absolute, in the voluntary EMG activity that occurs after
the application of noxious stimulation to a nearby cutaneous nerve. As represented in
Figure 14, based on its characteristics, it is considered that this reflex is mediated at
the spinal level, with the afferent arc depending on A-delta fibers, while the efferent
arc is supplied by alpha-motoneurons (Leis et al., 1991, Floeter, 2003, Kofler et al.,
2019a).

Upper limb CutSPs are integral components of a multifaceted pre-attentional

protective reflex mechanism (Inghilleri et al., 1997, Leis et al., 2000, Kofler, 2003).

They function in concert with excitatory cutaneous withdrawal reflexes, which serve
the purpose of rapidly retracting the hand or limb away from a potentially harmful or

noxious stimulus (Rossi et al., 2003). It is worth noting that both the inhibitory and

excitatory reflex components appear to engage common spinal neural circuitry, which

is activated by high-threshold, small-diameter nerve fibres (Rossi et al., 2003). At its

core, the physiological underpinning of CutSPs seems to be the simplification of
complex motor behaviour. This is achieved by essentially "turning off" specific muscle
synergies, providing a means to momentarily inhibit voluntary muscle contractions

(Leis et al., 2000). The coordinated interplay between inhibitory CutSPs and excitatory

withdrawal reflexes helps safeguard the body from harm by allowing for swift and
automatic responses to potentially dangerous stimuli. This reasoning is based on
several features of the CutSP. The magnitude of muscle activity suppression is higher
in muscle groups involved in reaching, pinching and grasping, than it is muscle groups

involved in limb withdrawal (Kofler et al., 2019a). One convincing evidence of the

classification as a possible protective mechanism is the fact that CutSPs can be

produced by stimulation of the palm of the hand, but not the dorsum (Romaniello et

al., 2004). Comparison of onset latencies of inhibition of distal hand muscles with

facilitation of proximal flexor muscles also suggests a protective nature of this reflex
(Kofler, 2003, Urban et al., 2004).
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There is ample evidence supporting the role of A-delta fibers as the afferent arc
of the CutSP. First, and foremost, the stimulus intensity necessary to obtain a

reproducible CutSP needs to be painful or, at least, unpleasant (Uncini et al., 1991,

Kofler, 2003). The estimated conduction velocities of the afferent volley are, on

average, 12 to 13 m/s, which are in range of A-delta conduction (Inghilleri et al., 1997).

Additionally, ischemia induced nerve block (Serrao et al., 2001) and severe

neuropathies of large diameter fibres (Uncini et al., 1991), did not eliminate the CutSP.

Regarding the spinal mechanisms, the precise origin of the CutSP remains a

subject of ongoing debate within the scientific community (Floeter, 2003, Kofler et al.,

2019a). Based on existing knowledge, Kofler et al. (2019a) put forth three potential

pathways to explain the CutSP. A presynaptic inhibitory pathway (Figure 15 A), in
which the CutSP is attributed to presynaptic inhibition of sensory nerve terminals. This,
in turn, leads to decreased excitability of motor neurons. In Figure 15 B, presynaptic
and postsynaptic inhibition are combined. It posits that a combination of presynaptic,
onto la afferents, and postsynaptic, directly to alpha motoneurons, mechanisms

contribute to the CutSP's inhibitory effects. In Figure 15 C is represented a

postsynaptic inhibition model suggesting that the CutSP is a result of inhibitory signals
acting directly on the motoneurons themselves, making them less responsive to
excitatory inputs. All these proposed models emphasize the potential involvement of
spinal interneurons. These interneurons play a critical role in mediating signals
between sensory and motor neurons and are believed to be key players in the origin
of CutSP. While research continues to investigate and refine our understanding of
CutSP, these models provide valuable insights into the complex neural mechanisms

that underlie this phenomenon.

CutSP can be elicited in both upper and lower limbs, after noxious stimulation
of a distal cutaneous afferent nerve. Typically, in upper limbs stimulation is applied to
the fingers, while in lower limbs the sural nerve is stimulated in the ankle. The maximal
duration of the EMG inhibition follows a stimulus intensity 8-15 times the sensory
threshold (Floeter, 2003, Kofler et al., 2019a). Recordings should be performed with

surface electrodes, using standard EMG equipment and filter settings (Kofler et al.

2019a). Onset and offset latencies should be defined by quantitative criteria, such as
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a drop of the EMG trace below 50-100% of the baseline preceding the stimulus, in
order to assure consistency of markings.

Figure 14 - Diagram of the proposed pathways mediating the cutaneous silent period following
noxious digital nerve stimulation
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Afferent impulses in thinly myelinated A-delta fibers enter the spinal cord via the lateral portion of the dorsal root, where
they descend several segments in Lissauer’s tract. Collaterals and terminal branches synapse on dorsal horn cells in laminae |

and V of Rexed, where they give rise to propriospinal projections that suppress activity in alpha-motoneurons of limb muscles

APB = abductor pollicis brevis muscle (as one exemplary muscle); DRG = dorsal root ganglion. Note: Adapted from Kofler et al
(2019a), with permission.

Due to its physiological properties, CutSP has been studied in several different

pathological processes. In the last three decades, more than 80 papers have been

published assessing CutSP in pathology (Kofler et al., 2019b), from peripheral to

central nervous system diseases. For a comprehensive review of the physiological

properties, technical aspects and uses in pathophysiological processes of the CutSP,
please refer to Kofler et al. (2019a, 2019b).

In ALS, there are a few studies analyzing this reflex (Gilio et al., 2008, Kim and
Kwak, 2010, Cengiz et al., 2018, Castro and de Carvalho, 2019, Gutierrez et al., 2020,
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Castro et al., 2021, 2023b). There is a significant consistency in the results published,

showing increased onset latencies, without changes in duration, both in upper and

lower limbs.

Figure 15 - Three possible models for the effects of A-delta afferent input to account for the

cutaneous silent period
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A. Classic presynaptic inhibition: in this model, cutaneous A-delta afferent impulses from digital nerve stimulation
activate interneurons (i1) that presynaptically control the synaptic effectiveness of the corticospinal tract (CST), of excitatory
premotor interneurons (e), and of la afferent connections (la fiber) to the alpha-motoneuron. B. Inputs to specific interneurons
with different roles: In this model, cutaneous A-delta afferent impulses from digital nerve stimulation activate an inhibitory
interneuron (i2), which exerts postsynaptic inhibition onto the excitatory premotor interneuron (e), thereby reducing descending
corticospinal drive to the alpha-motoneuron, while la-afferent input (la fiber, similarly depicted as in A) to the same alpha-
motoneuron is presynaptically inhibited by a different inhibitory interneuron (i1). C. Classic postsynaptic inhibition: In this model,
cutaneous A-delta afferent impulses from digital nerve stimulation activate an inhibitory interneuron (i2), that directly inhibits the
alpha- MN postsynaptically. In all three models, a small proportion of CST neurons, which connect directly with alpha-
motoneurons remain uninhibited, explaining that residual motor evoked potentials can be detected even during maximum
exteroceptive EMG suppression during the cutaneous silent period. In models A and B only, however, a different proportion of
inhibition of la fiber input versus CST input would also explain disparate suppression of H reflexes versus motor evoked potentials
during the cutaneous silent period. Connections depicted in grey indicate inhibitory interneurons, exerting either presynaptic (i1)
or postsynaptic (i2) inhibition. Note: Adapted from Kofler et al. (2019a), with permission.
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3.3. Transcranial Magnetic Stimulation

For many years, noninvasive brain stimulation was possible with the use of

transcranial electrical stimulation (TES) (Merton and Morton, 1980). However, due to

the high resistance of the skull to the passage of electrical current, high voltages are
required to produce efficient currents to depolarize neurons in the cortex. The voltages
required are thus very painful and inadequate to use in the awake human subject.

Some years later, Barker et al. (1985), based on Faraday’s law of induction, introduced

TMS as a non-invasive, safe and well tolerated technique to study the human motor
cortex (Figure 16). Currently, the use of TES is limited to monitoring motor pathways

under general anesthesia (Deletis and Sala, 2008), while in all other applications, TMS

is the standard technique used.

TMS employs electromagnetic induction as an effective and painless method
to generate supra-threshold currents within the brain. A basic TMS apparatus consists
of several circular loops of copper wire connected to a large electrical capacitance
through a switch. These circular copper wire loops form the coil, which can take
various configurations. The current pulse passing through the coil can be either
monophasic or biphasic, creating a rapidly changing and brief magnetic field
perpendicular to the coil plane. The peak strength of this magnetic field is comparable
to that of the static field in a magnetic resonance imaging scanner (approximately 1-2

Tesla) (Rossini et al., 2015). Magnetic fields easily penetrate the brain without being

significantly attenuated by the scalp or skull, inducing currents in accordance with

Faraday's law of electromagnetic induction (Miranda, 2013).

Given the progressive loss of magnetic field strength with increasing distances,
TMS is only able to stimulate relative superficial structures, about 3 to 4 centimeters

away from the coil (Miranda, 2013). Given the intrinsic electrical characteristics of

neurons, TMS preferentially activates axons instead of cell bodies and the threshold
for this stimulation strongly depends on the relative current direction. Thus, axons are
easier stimulated by the current that flows nearly in parallel with their main orientation

(Miranda, 2013). These characteristics imply that TMS, at lower intensities, activate

indirect waves (l-waves), reflecting indirect activation of corticospinal neurons through
cortical interneurons. At higher intensities, TMS is able to recruit direct waves (D-

waves), by direct stimulating corticospinal axons, although this depends also on coil
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orientation (Di_Lazzaro et al., 2004a, Di Lazzaro et al., 2004b). A single action

potential, as the one elicited by the D-wave is insufficient to depolarize the spinal
motoneuron at rest, and summation of D and |-waves are necessary to generate a

motor evoked potential (MEP).

Over the years, and with the increase in electronic capabilities, other
applications of TMS have been developed, from paired pulse techniques, to repetitive
TMS (rTMS), theta burst stimulation or the real-time integration of TMS with
electroencephalography (EEG), positron emission tomography (PET) and functional

magnetic resonance imaging (fMRI) (Rossi et al., 2009, Lefaucheur, 2019). Given all

the developments of the last four decades, nowadays the field of TMS is a diverse and
complex world. The next pages will focus on TMS techniques particularly relevant in
ALS and in the context of this dissertation. For comprehensive and detailed reviews
of TMS, the reader should refer to (Rossi et al., 2009, Klomijai et al., 2015, Rossini et
al., 2015, Valero-Cabré et al., 2017, Lefaucheur, 2019).

Figure 16 — Diagram illustration of transcranial magnetic stimulation over the motor cortex

MEP
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TMS - Transcranial magnetic stimulation: MEP — motor evoked potential; Note: Adapted from Hui et al. (2020), with

permission.
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3.3.1. Conventional TMS

The main use of the conventional single pulse TMS technique is the study of
the motor cortex, given the easily accessible way of recording a direct response to the
stimulus applied. A simple surface EMG recording over a given muscle during the
stimulus, an MEP, quickly allows for the evaluation of several parameters that depend
on specific circuits of the motor cortex. A number of neurophysiological measures can
offer insights into changes in motor cortical control or corticospinal output associated

with diseases affecting the central nervous system.

Motor threshold

Motor Threshold (MT) has been objectively defined by the International
Federation of Clinical Neurophysiology as the minimum intensity required to evoke a
small MEP in the target muscle (Rossini et al., 2015). MT can be defined at rest (MEP
> 50 pV in at least 5 of 10 trials; resting motor threshold - RMT), in this manner, MT

represents the ease with which cortical motoneurons are excited. Lower MTs have
been observed for muscles controlling fine hand movements (Brouwer and Ashby,
1990, Macdonell et al., 1991). Additionally, MTs tend to be lower for the dominant hand
(Macdonell et al., 1991) and correlate with fine finger task performance (Triggs et al.,

1997). These findings suggest that MT reflects the density of corticomotoneuronal

connections to the anterior horn cell (Rossini et al., 1999) and can potentially act as a

neurophysiological biomarker of corticomotoneuronal representation and function.

Furthermore, MT may reflect cortical neuronal membrane excitability (Amassian et al.,

1987, Epstein et al., 1990). It has been demonstrated that inhibition of voltage-gated

sodium channels leads to increased motor thresholds (Boroojerdi et al., 2001).

Glutamatergic neurotransmission, through AMPA receptors, also appears to influence

motor thresholds, with excessive glutamate activity reducing them (Di Lazzaro et al.,

2003) as well as being modulated by sodium channel blockers (Vucic et al., 2013).

In the context of ALS, changes in motor thresholds have been observed but
reports in the literature seem somewhat conflicting. Some studies report increased

thresholds or even an inexcitable motor cortex in ALS patients (Eisen et al., 1990,

Triggs et al., 1999, de Carvalho et al., 2003), while others document normal or reduced
motor thresholds (Caramia et al., 1991, Vucic and Kiernan, 2006, Vucic et al., 2008).

These discrepancies likely stem from the heterogeneity of ALS presentations and the

JOSE CASTRO



Inhibitory Circuitry in Motor Neuron Disease:
Changes in Spinal and Corticospinal Mechanisms in Amyotrophic Lateral Sclerosis and its Variants

disease stage at the time of testing. Longitudinal studies have shown a reduction in
motor threshold early in the course of ALS, which gradually increases to the point of
cortical inexcitability as the disease progresses. This early reduction in motor threshold
appears most pronounced in ALS patients with profuse fasciculations and

hyperreflexia (Eisen and Weber, 2001). Given that motor threshold can be influenced

by glutamate activity, this early reduction suggests that cortical hyperexcitability
contributes to progressive neurodegeneration through glutamate toxicity (Vucic and
Kiernan, 2013).

MEP amplitude

MEP amplitude is a reflection of complex corticospinal volleys, including D and
I-waves. Increasing the stimulus intensity leads to an increase in MEP amplitude. This
relationship may be used to generate a stimulus—response curve, which follows a

sigmoid function (Devanne et al., 1997). Like MT, MEP amplitude, and the stimulus—

response curve gradient, provides insight into the density of corticomotoneuronal
connections to motor neurons. However, MEPs likely assess neurons that are less
excitable or farther from the center of the TMS-induced electrical field compared to MT
(Vucic et al., 2023).

MEP amplitude is typically expressed as a percentage of the maximum CMAP

evoked by peripheral nerve stimulation (Rossini et al., 2015). This normalization

accounts for any LMN pathology and offers information about the proportion of the
motor neuron pool activated during the MEP. However, normative values for the MEP-
to-CMAP ratio show substantial inter-subject variability, limiting its sensitivity and

diagnostic value in detecting corticomotoneuronal abnormalities (Vucic et al., 2023).

The modulation of MEP responses involves various neurotransmitter systems within
the central nervous system. GABAergic neurotransmission via GABAa receptors
suppresses MEP  amplitude, while glutamatergic and noradrenergic
neurotransmission enhances it. Remarkably, these changes in MEP amplitude occur
independently of changes in MT, suggesting diverse physiological mechanisms

underlying their generation (Ziemann, 2003).

Abnormalities in MEPs are well-documented in ALS (Vucic et al., 2023).

Increases in MEP amplitude have been observed in both sporadic and familial forms

of ALS, particularly in the early stages of the disease (Vucic et al., 2008). MEP
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amplitude correlates with surrogate markers of axonal degeneration, such as the
strength-duration time constant, establishing a link between cortical hyperexcitability

and motor neuron degeneration (Vucic and Kiernan, 2006). Importantly, this increase

in MEP amplitude is not observed in mimic disorders with similar LMN dysfunction

(Vucic and Kiernan, 2008), implying that the changes in MEP amplitude in ALS may

be excitotoxic in nature.

Central motor conduction time

The central motor conduction time is the interval between the stimulation of the

motor cortex and the beginning of the ensuing MEP (Rossini et al., 2015). The time it

takes for pyramidal cells to activate, the time it takes for the descending signal to travel
along the corticospinal tract, synaptic transmission, the activation of spinal motor
neurons, motor axon conduction, and neuromuscular transmission are all factors that

influence the generation of central motor conduction time (Mills, 2004). The F-wave or

cervical nerve root stimulation are two approaches that can be used to measure

central motor conduction time (Rossini et al., 2015). It is important to note that each of

these methods produces an estimate of central motor conduction time, and a large
range of normative data exists due to different technical, physiological, and

pathological factors influencing this measurement.

In ALS, central motor conduction time is typically prolonged (Eisen et al., 1990,

Mills, 2003, Civardi et al., 2020). Assessing central motor conduction time can be

particularly valuable for documenting subclinical UMN dysfunction, assisting in the
diagnosis of ALS. However, it does not seem a sensitive measure of disease

progression (de Carvalho and Swash, 2023). Although the precise mechanisms

responsible for the prolongation of central motor conduction time in ALS are not fully
understood, it is proposed that increased desynchronization of corticomotoneuronal

volleys due to axonal loss may be the underlying mechanism (Eisen et al., 1996,

Komissarow et al., 2004).

3.3.2. Cortical Silent Period

The cortical silent period (CSP) refers to a period of electrical silence in the

background EMG activity of a contracting muscle following suprathreshold TMS of the
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primary motor cortex (M1) (Figure 17A). It typically lasts from 50 to 300 milliseconds

(Cantello et al., 1992). The duration of CSP increases stimulation intensity but is not

correlated with the size of the preceding MEP response (Triggs et al., 1992) or the

strength of contraction of the muscle being targeted (Inghilleri et al., 1993).

Interestingly, the threshold for the CSP is typically below the threshold for MT strongly
suggesting that the CSP is not dependent on the activation of the corticomotoneuronal

system (Ziemann, 2004). CSP can thus be explained by suppression of voluntary

motor drive (Tergau et al., 1999), with its duration being a possible surrogate marker

of motor cortical inhibition (Hallett, 1995).

The CSP primarily arises from the activation of cortical inhibitory neurons.
However, it's worth noting that spinal mechanisms may also play a role, particularly in
the early segments of the CSP (Cantello et al., 1992, Inghilleri et al., 1993).
Specifically, long-lasting inhibitory postsynaptic potentials mediated by GABAB

receptors appear to have a significant role in generating the CSP (Inghilleri et al., 1993,

Ziemann et al., 1993). This is supported by pharmacological studies indicating that

GABAB receptor agonists and GABA reuptake inhibitors can prolong the duration of
the CSP (Werhahn et al., 1999). Furthermore, the duration of the CSP seems to be

influenced by the density of corticomotoneuronal projections to anterior horn cells, with

upper limb muscles exhibiting the longest CSP duration (Vucic et al., 2023). Studies

have shown that CSP duration is generally reduced in older adults (Sale and Semmler,

2005, Davidson and Tremblay, 2013). However, there are some reports of comparable

CSP durations between young and older adults (Fujivama et al., 2012), and CSP

duration does not appear to be influenced by gender (Shibuya et al., 2016a).

In addition to CSP, there is the concept of ipsilateral inhibition (ipsilateral silent
period, iSP), which is induced by stimulating the motor cortex and results in the
interruption of ongoing voluntary EMG activity in muscles on the same side as the
stimulus (Figure 17 B). The iSP primarily reflects transcallosal inhibition (Meyer et al.,
1995), although non-callosal pathways below the corpus callosum may also contribute

to this phenomenon (Compta et al., 2006). The iSP typically begins around 30 to 40

milliseconds after TMS and lasts for 20 to 25 milliseconds (Meyer et al., 1995). In older

adults, the onset latency and transcallosal conduction time is increased, whereas the

area of the iSP is decreased, suggesting a decline in transcallosal inhibition with age
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(Davidson and Tremblay, 2013). Factors such as muscle contraction level, direction of

TMS-induced current, or limb dominance do not seem to significantly affect the iSP
(Davidson and Tremblay, 2013, Kuo et al., 2017).

Figure 17 — lllustrative examples of cortical silent period and ipsilateral silent period
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CSP - cortical silent period; iSP — ipsilateral silent period; Note: Adapted from Wilke et al. (2016) (A) and Tian et al.
(2021) (B), under CC-BY attribution license

Studies conducted in individuals with ALS consistently reveal abnormalities in
the CSP. There is a notable absence or reduction in the duration of the CSP, and these
abnormalities have been observed in both sporadic and familial forms of ALS. The
most significant reductions in CSP duration tend to occur early in the course of the
disease and (Prout and Eisen, 1994, Siciliano et al., 1999, Mills, 2003, Vucic and

Kiernan, 2006, Wittstock et al., 2007, Vucic et al., 2008) are more prominent in patients

with UMN signs (Civardi et al., 2020). With disease progression, CSP duration tends

to increase (de_Carvalho and Swash, 2023). Importantly, these reductions in CSP

duration appear to be specific to ALS and are not observed in mimic disorders (Vucic

and Kiernan, 2008). While the precise mechanisms responsible for the reduction in

CSP duration in ALS are still being investigated, it is believed that intrinsic factors,
such as decreased motor drive and impaired GABAergic inhibition, play a role. This
impairment may be due to the degeneration of inhibitory interneurons or dysfunction
of GABAB-mediated receptor inhibition (Vucic et al., 2013).

Abnormalities in the iSP have also been reported in ALS. The iSP reflects the
functioning of transcallosal inhibitory fibers, as supported by the fact that iSP

abnormalities are observed in patients with lesions in the corpus callosum (Meyer et
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al., 1995). In ALS, the iSP is either absent or delayed, and these abnormalities tend to

appear early, often preceding the clinical onset of ALS (Karandreas et al., 2007,
Wittstock et al., 2007, Wittstock et al., 2020, Hubers et al., 2021b). These findings

suggest that degeneration of callosal neurons, which regulate the activity of inhibitory

GABAergic neurons responsible for generating the iSP, may contribute to these
abnormalities in ALS. Additionally, studies have also shown atrophy of the corpus
callosum in ALS patients, regardless of clinical signs of UMN involvement (Yamauchi
et al., 1995, Filippini et al., 2010, Huabers et al., 2021a, Hubers et al., 2021b).

3.3.3. Paired pulse techniques

The preceding sections have focused on TMS parameters that are evaluated
by stimulating the motor cortex with single impulses. Motor cortical excitability can also
be evaluated using paired-pulse techniques, where a conditioning stimulus influences
the response to a subsequent test stimulus. Various paired-pulse paradigms have
been developed, but three commonly used ones in ALS clinical research to assess
cortical excitability are: short interval intracortical inhibition (SICI), intracortical
facilitation (ICF), long interval intracortical inhibition (LICI) and intrahemispheric
inhibition (IHI). These paradigms provide valuable insights into the excitability of the

motor cortex and are frequently employed in ALS studies.

Short interval intracortical inhibition and Intracortical facilitation

SICI and ICF are both assessed at short inter-stimulus intervals (ranging from
1 to 30 milliseconds) and involve the modulation of the amplitude of a test MEP by a
sub-threshold conditioning pulse applied using the same stimulating coil (Kuijirai et al.,
1993, Ziemann et al., 1996).

SICI occurs at inter-stimulus intervals of 1 to 5 ms, while ICF occurs at intervals

of 7 to 20 ms (Kujirai et al., 1993, Ziemann et al., 1996). Typically, the intensity of the

conditioning pulse is set to 80% of resting MT and the intensity of the test pulse is
adjusted to produce a test MEP of 1 millivolt or less in peak-to-peak amplitude (Kujirai
et al., 1993, Ziemann et al., 1996). Given the intrinsic variability of MEP (Hanajima et

al., 1998), threshold tracking techniques have been posteriorly developed, using a
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constant target MEP response and measuring the changes in the stimulus needed to
achieve the target MEP amplitude (Fisher et al., 2002, Vucic and Kiernan, 2006).

Through epidural recordings of the descending corticomotoneuronal volley,
data has suggested that both SICI and ICF originate from mechanisms within the

motor cortex itself (Nakamura et al., 1997, Di Lazzaro et al., 1998). A decrease in the

number and amplitude of late I-waves is associated with SICI, while ICF is associated
with an increase in these parameters. The orientation of stimulation coil has different

influences in both SICI and ICF (Pavey et al., 2023). These observations suggest that

ICF is not merely a rebound facilitation but represents a distinct physiological process
separate from SICI (Ziemann, 2004, Van den Bos et al., 2018).

Neuropharmacological studies have provided additional evidence that SICI and
ICF are physiologically different mechanisms. GABA agonists, like benzodiazepines,
enhance GABAergic transmission via GABAA receptors increasing SICI (Di Lazzaro

et al., 2000). This suggests that SICI is mediated by cortical synaptic mechanisms

involving inhibitory interneurons. On the contrary, ICF is reduced by GABAA agonists
(Ziemann, 2004). Additionally, tiagabine, a GABA reuptake inhibitor, decreases SICI,

possibly by activating presynaptic GABAB receptors, leading to autoinhibition of
postsynaptic GABAA receptor-mediated inhibition (Werhahn et al., 1999).

Interestingly, ICF seems to be unaffected by this autoinhibition (WWerhahn et al., 1999).

Apart from GABAergic modulation, SICI and ICF are influenced by various other
cortical neurotransmitter systems in distinct ways. For instance, glutamate antagonists
like riluzole, dopamine receptor agonists, and norepinephrine antagonists increase
SICI, while dopamine antagonists and norepinephrine agonists reduce it. Conversely,
glutamate antagonists that inhibit NMDA receptors, selective serotonin reuptake
inhibitors, and norepinephrine antagonists decrease ICF, whereas norepinephrine

agonists increase it (Vucic and Kiernan, 2013).

Measurements of SICI and ICF are thus particularly valuable when investigating
disorders involving GABA or glutamate-dependent neuronal circuits within the motor

cortex.

Both sporadic and familial ALS have a consistent pattern of diminished or

absent SICI, frequently associated withincreased ICF, suggesting cortical
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hyperexcitability (Hanajima et al., 1996, Yokota et al., 1996, Ziemann et al., 1997,
Sommer et al., 1999, Stefan et al., 2001, Zanette et al., 2002b, Vucic and Kiernan,
2006, 2008, Vucic et al., 2008, Geevasinga et al., 2014, Menon et al., 2019, Cengiz
and Kuruodglu, 2020, Dharmadasa et al., 2020, Tankisi et al., 2021, van den Bos et al.,
2021, de Carvalho and Swash, 2023, Tankisi et al., 2023). Notably, this reduced SICI

appears to be an early sign of sporadic ALS (Vucic and Kiernan, 2006) and correlates

with peripheral neurodegenerative measurements (Vucic and Kiernan, 2008, Vucic et

al., 2010, Vucic et al., 2011). At least in familial ALS, it appears before the onset of

clinical symptoms (Vucic et al., 2008). Additionally to the early changes detected, SICI

seems to decrease over time with disease progression (Shibuya et al., 2017, de

Carvalho and Swash, 2023), and correlates with worst prognosis (Shibuya et al.,
2016b).

The underlying mechanism for these changes in SICI may involve the
degeneration of inhibitory cortical interneurons. This hypothesis is supported by
neuropathological studies revealing a loss of parvalbumin-positive inhibitory

interneurons in ALS (Nihei et al., 1993). Furthermore, a potential role for a glutamate-

mediated excitotoxic process is suggested by the partial restoration of SICI in ALS

patients treated with the glutamate antagonist riluzole (Stefan et al., 2001, Geevasinga

et al., 2016). Reduced SICI at inter-stimulus intervals of 1 and 3 ms at various

conditioning stimulus intensities (low, medium, and high) in ALS patients, provided
additional support for the idea that SICI is likely influenced by a combination of

glutamate excitotoxicity and the degeneration of inhibitory cortical circuits (Vucic et al.

2009). Recently, Ezogabine, a potassium channel activator antiepileptic approved
drug, demonstrated a dose-dependent effect in decreasing hyperexcitability in ALS,

by increasing SICI after a 10-week treatment (Wainger et al., 2021).

Longq interval intracortical inhibition

Paired-pulse paradigms with longer intervals (20—-200 ms) are used to evaluate
how a suprathreshold conditioning pulse modulates the amplitude of the subsequent
suprathreshold test MEP, both delivered through the same stimulating coil. Typically,
both pulses are administered at a stimulus intensity ranging from 110% to 150% of
MT. At inter-stimulus intervals longer than 50 ms, the conditioning pulse typically exerts
an inhibitory effect (Claus et al., 1992, Valls-Solé¢ et al., 1992).
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Epidural recordings of the descending corticomotoneuronal volley from the
spinal cord have shown that LICI is associated with a decrease in late |-waves

(Nakamura et al., 1997), indicating that LICI is primarily a process occurring within the

motor cortex. It's important to note that the inhibitory mechanisms responsible for LICI
are different from those underlying the CSP. This distinction is supported by findings
in patients with idiopathic Parkinson's disease who exhibited a decreased CSP

duration but an increased LICI (Berardelli et al., 1996).

LICI can be understood as a measure of how responsive the motor cortex is to
synchronized excitatory input from TMS during cortical inhibition induced by the
conditioning pulse. In contrast, the CSP reflects how this inhibition interacts with the
ongoing voluntary motor drive to the motor cortex. Both CSP and LICI are modulated
by tiagabine, a GABA reuptake inhibitor, suggesting an influence of GABAB receptors

on these inhibitory mechanisms (Werhahn et al., 1999).

In ALS, LICI at an interval of 155 ms was found decreased in patients, when
compared to controls, independently of site of onset (spinal vs bulbar) (Salerno and
Georgesco, 1998). At intervals of 100-150 ms, Zanette et al. (2002b) showed a

significant decrease of LICI in ALS patients, more prominent in subjects with UMN

signs. These findings suggest a significant impairment of long-lasting GABA mediated

inhibitory mechanisms in ALS.

Interhemispheric inhibition (IHI)

Sparce connections between motor cortices on both hemispheres have been
demonstrated by fibers that traverse the corpus callosum, in the hand area of the

monkey (Rouiller et al., 1994). In humans, imaging studies have shown that the

patterns of connectivity closely resemble those derived from anatomical tracing in

primates (Ruddy et al., 2017). This pathway represents a homotopic connection

between corresponding motor cortical regions, and can be confirmed by single

(Amassian _and Cracco, 1987) and paired-pulse protocols (Ugawa et al., 1993) in

humans. There is debate over the excitatory or inhibitory profile of the transcallosal

pathway (Bloom and Hynd, 2005), however, in this paradigm, the predominant effect

is clearly inhibitory. IHI is elicited by a supra-threshold conditioning stimulus applied to
one motor cortex and refers to an inhibition of the test MEP, produced by the stimulus

over the contralateral motor cortex (Ferbert et al., 1992, Hanajima et al., 2001,
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Daskalakis et al., 2002). The stimuli are delivered through two different focal

stimulating coils over the hand area of either motor cortex. The IHI is usually stronger
at IS1 of 10 ms. The magnitude and duration of IHI are higher with increasing intensities
of the conditioning stimulus and can reach up to 50% and 30 ms, respectively (Ferbert
et al., 1992, Hanajima et al., 2001).

Epidural recordings, from the cervical spinal cord, of the descending
corticospinal volley showed a reduction of the amplitude of late |-waves, more

specifically the 13-wave, with an ISI of 6 ms (Di Lazzaro et al., 1999). It is thus very

likely that the IHI occurs at the level of the test motor cortex. It estimated that 9-12 ms
is the minimum conduction time between motor cortices through the corpus callosum
(Cracco et al., 1989). Adding the time of the shortest effective ISI (6-7 ms) with the

delay of about 3 ms between I1 and I3 gives a similar time to the estimation of callosal

conduction, suggesting the IHI is effectively mediated through the corpus callosum.
Additionally to this empiric reasoning, IHI was absent in a patient with callosal

agenesis (Rothwell et al., 1991). An inverse correlation between IHI and mirror activity

has also been demonstrated (Hubers et al., 2008). Pathological mirror movements are

common in diseases of the corpus callosum (Cincotta and Ziemann, 2008). Despite

the fact that callosal pathways are primarily excitatory, the predominantly inhibitory
interhemispheric interaction is most likely explained by strong surround inhibition in

the test motor cortex (Hanajima et al., 2001).

In ALS, a significant decrease of IHI has been reported (Karandreas et al., 2007,

Hubers et al., 2021a, van den Bos et al., 2021). The decrease in IHI correlated with

greater disability and faster disease progression (van den Bos et al., 2021), as well as

with structural impairment of the corpus callosum (Hubers et al., 2021a), suggesting

that impairment of transcallosal inhibitory mechanisms may play a significant role in

ALS pathophysiology.
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3.4. Mirror Movements

Performing tasks that involve only one side of the body requires a decrease in

the neural activity originating from the ipsilateral primary motor cortex (M1) (Carson

2005). When the neural pathways responsible for controlling unilateral voluntary
movements and the associated inhibitory circuits are impaired or dysfunctional, it can

result in unintended neural signals crossing the midline (Cincotta and Ziemann, 2008).

This phenomenon is referred to by various names in the literature, such as motor

overflow, mirror activity (MA), or mirror movements (MM).

There are three proposed pathophysiological mechanisms (Figure 18) to

explain this phenomenon (Cincotta and Ziemann, 2008, Sehm et al., 2010). The first

explanation involves the activation of the uncrossed corticospinal projection, which

directly connects to the LMN on the same side of the body (Farmer et al., 1990,

Mayston et al., 1997). The second possibility suggests that a decrease in IHI allows

for the activation of the motor cortex on the opposite side of the body through

transcallosal pathways (Cernacek, 1961, Hubers et al., 2008). A third possibility is an

abnormal motor planning and/or abnormal transmission of the motor plan from the
supplementary motor areas (SMA) to the primary motor areas might also be involved

in MM generation (Welniarz et al., 2015). Itis important to note that these explanations

are not mutually exclusive and may interact in complex ways to produce the observed

motor overflow or mirror activity phenomenon.

Efficient lateralization of voluntary movements is typically seen in individuals
with a mature motor system. This is evident from the presence of MM during intended

unimanual tasks in healthy children (Cohen et al., 1967, Lazarus and Todor, 1987,

Mayston et al., 1999). In contrast, normal adults generally demonstrate the ability to

perform unilateral movements in their daily activities (Schott and Wyke, 1981).

However, slight, involuntary mirroring or unintended mirror activity can sometimes be

observed (Cernacek, 1961, Armatas et al., 1994, Castro et al., 2023a). Assessment

of this mirror activity has been reported either by clinical observation (\Woods and
Teuber, 1978, Krampfl et al., 2004, Magne et al., 2021), by force transduction
measurements (Armatas et al., 1994, Uttner et al., 2005), or by recording surface EMG
signal (Cernacek, 1961, Krampfl et al., 2004, Cincotta et al., 2006, Vardy et al., 2007,
Hubers et al., 2008). In patients, MM have been described mainly in the hands (Schott
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and Wyke, 1981, Farmer et al., 1990), although there have been reports of the

presence of this activity in the lower limbs (Espay et al., 2005, Maudrich et al., 2017).

Figure 18 — Hypothetical mechanisms of mirror movements generation

A B Cc D
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(A) In humans, execution of a unilateral left-hand movement requires both lateralized activation of the right primary
motor cortex (M1) by interhemispheric inhibition (IHI) and proper motor planning and then transmission of the motor command to
the contralateral (left) hand alone, through a crossed corticospinal tract. There are three hypothesis underlying MM: abnormal
IHI (B), abnormal delivery of the motor plan from the supplementary motor area (SMA) to M1 (C), resulting in bilateral activation
of the primary motor cortices; activation of the uncrossed corticospinal projection, which directly connects to the lower motor

neurons on the same side of the body (D). Note: Adapted from Welniarz et al. (2015), under CC-BY attribution license.

In healthy adults, the level of mirror EMG activity tends to increase during more
demanding motor tasks, when experiencing fatigue, cognitive distraction, reduced

attentional capacity, and with aging (Cincotta and Ziemann, 2008). It's worth noting,

however, that even in a large unselected group of elderly healthy volunteers, slight
mirror movements have been frequently observed during relatively simple unimanual

tasks, particularly if the subjects were not explicitly instructed to suppress unintended

motor activity (Ottaviani et al., 2008). For a comprehensive review of physiological

aspects and pathophysiology of MM in humans, please refer to Cincotta and Ziemann

(2008).

MM have been documented in ALS (Krampfl et al., 2003, Krampfl et al., 2004,
Wittstock et al., 2007, Meister et al., 2011, Wittstock et al., 2011, Wittstock et al., 2020,
Hubers et al., 2021a, Hubers et al., 2021b) albeit with variable frequency. These
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studies have, however, relied principally on clinical observation of the MM, which can
be a major limitation. Generally, it has been proposed that MM in ALS patients are due

to callosal dysfunction.
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4. Research aims

The overall aim of this thesis was to obtain a better understanding of the
physiology and pathophysiology of spinal and supraspinal inhibitory pathways in ALS.
For that purpose, several experiments using original neurophysiological approaches

were explored.
Specifically for each study, the aims were:

Study I: To investigate CutSP latencies and duration in different phenotypes of
MND categorized by the severity of the UMN signs. To test the effect of simultaneous

contralateral hand contraction on the CutSP.

Study ll: To explore the statistical relation between features of UMN lesion as
detected by clinical examination and by TMS of the brain, and CutSP changes in upper

and lower limbs of patients with ALS.

Study lll: Development of a simple mathematical algorithm to quantify EMG
mirror activity during short isometric maximum voluntary contractions of the abductor
digiti minimi (ADM) and the tibialis anterior (TA) muscles. To calculate normative

values for these measurements.

Study IV: To analyse the amount of mirror activity in a group of ALS subjects,
using our previous developed algorithm, and assess possible correlations with

measures of cortical and cognitive function.

Study V: To systematically assess different spinal inhibitory networks in ALS

patients, by using several conditioning paradigms of the H Reflex.
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5. Materials and Methods
5.1. Participants

ALS patients

For all studies, patients with ALS were recruited from the ALS clinic in Lisbon,
Portugal. It was required that criteria for probable or definite ALS, according to the

Awaiji criteria (de_Carvalho et al., 2008), were met. These diagnostic criteria require

evidence of gradual disease progression through clinical and/or EMG analysis, and
the exclusion of alternative potential diagnoses. Additionally, for study |, patients with
a PMA diagnosis, with at least two regions with clinical signs of LMN dysfunction, with

absent UMN signs (de Carvalho et al., 2007), and patients with a PLS diagnosis, with

a follow-up greater than 4 years without clinical or neurophysiological signs of LMN

dysfunction (Gordon et al., 2006, Turner et al., 2020), were also included.

Different requirements for inclusion of ALS patients were established for each

study, according to the purposed aim:

Study I: ADM = 4 on the Medical Research Council (MRC) scale in both hands,
and normal ulnar nerve conduction studies (motor and sensory nerve responses)

without signs of nerve entrapment.

Study II: ADM and TA strength = 4 on the MRC scale on at least one side of
the body, normal nerve conduction studies in ulnar and peroneal nerves (motor
conduction studies and sensory nerve action potentials) and normal sural nerve

sensory nerve action potentials.

Study IV: ADM and TA strength = 4 on the MRC scale, bilaterally, normal nerve
conduction studies in ulnar and peroneal nerves (motor conduction studies and

sensory nerve action potentials).

Study V: Soleus and TA strength = 4+ on the MRC scale on at least one side
of the body.

Individuals who were unable to give informed consent, not tolerating the
recumbent position or the electrical stimulation, with other neurological diseases (like

as peripheral neuropathy and epilepsy), with metallic brain implants or pacemakers,
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or taking drugs that could affect central nervous system excitability were not included

in any of the studies.

All patients were stabilized on Riluzole for more than one month prior to the

inclusion in any of the studies.

Healthy controls

For studies |, lll and V, healthy subjects, matched for gender and age to the

ALS patients’ group in studies | and V, were recruited.

Subjects with a history of neurological disease or who were taking drugs that

could alter central nervous system excitability were excluded.
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5.2. Methods

5.2.1. Study |
Participants

Given the variable UMN involvement in MND patients, subjects were divided
into three groups: ALS without spasticity (ALS group); PMA; and a group merging
patients with PLS and predominant UMN-ALS (spasticity in lower limbs and/or upper

limbs).
Cutaneous Silent Period

Studies were conducted in a quiet room, with the subjects sitting in a
comfortable position, with a Dantec Keypoint G4, with Keypoint.Net software (Natus
Medical Inc., Pleasanton, California). The stronger hand was investigated; if hands
had similar strength the right side was selected. Surface recording electrodes were
used, with the active electrode over the belly of the ADM muscle and the reference
electrode on the dorsum of the hand. The ground electrode was placed at the wrist.
Recordings were made in a 1 second window, with a period of 100 ms pre-stimulus
signal, digitized at a sampling frequency of 30 kHz and bandpass-filtered between 30
Hz and 10 kHz.

Sensory orthodromic stimulation, with a constant current square wave of 0.2
ms duration, was applied by ring electrodes around the V finger (cathode and anode
at the first and second inter-phalangeal joints, respectively). Sensory threshold was
defined as the lowest intensity required for the subject to identify 3 out of 6 random
stimuli. Stimulation was then performed with an intensity 15x the sensory threshold,
with all subjects reporting a significant discomfort with each stimulus. Skin temperature
was kept >30°C.

For each subject, the initial electrical signal from maximum ADM contraction
was recorded to estimate the electrical signal amplitude at full contraction and at about
50% maximum force. Thereafter, two experiments were performed. In the first
experiment (baseline condition), subjects were asked to maintain a stable contraction
of the ADM muscle of around 50% of maximum force. In the second experiment (test

condition), patients were asked to maintain a stable contraction of the ADM muscle of
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around 50% of maximum force, while doing a maximum contraction of the contralateral
ADM. In order to help subjects to maintain a stable contraction of the target muscle,
auditory and visual feedback was provided. The CutSP was then obtained by electrical
stimulation of the V finger at irregular intervals (10 to 15 consecutive traces were
recorded for each condition to ensure reliability). Typically in contractions between 20-

80% of maximal strength CutSP measurements are stable (Floeter, 2003).

Signals were rectified, averaged, and analyzed offline, using custom MatLab
functions (MatLab R2018a, The Mathworks, Inc., Natick, Massachusetts). The CutSP
onset latencies was defined at the drop of the EMG trace below 80% of the baseline
preceding the stimulus and duration of CutSP was calculated from the onset latency
to the return of the EMG signal above 80% of baseline (Floeter, 2003, Kofler et al.,

2019a). The degree of contraction during the CutSP measurement,

(Average EMG amplitude pre—stimulus signal during CSP x 100), and the magnitude of EMG

Average EMG amplitude in full contraction

Average EMG amplitude during CSP

suppression ( x 100) during the CutSP were

Average EMG amplitude pre—stimulus signal

also evaluated (Figure 19) (Uncini et al., 1991). CutSP was considered absent if EMG

suppression was <15 ms (Floeter, 2003, Kofler et al., 2019a).

Figure 19 — Cutaneous silent period illustrative example with the measurements included

A — Electrical stimulus; B — Cutaneous silent period (CutSP) onset; C — CutSP end; D — CutSP duration; Horizontal
dashed line — 80% of pre-stimulus average EMG signal. Note: Adapted from Castro et al. (2021), with permission.

Statistical Analysis

Means and standard deviations were calculated for each variable. Gender

differences were analyzed with x2 test. Normality of distribution was checked with the
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Shapiro-Wilk test. Comparison of CutSP parameters between groups was performed
with a one-way ANOVA, with the Tukey test for post-hoc analysis. In each group
comparison between baseline and tested condition was assessed by paired-t test; p<
0.05 was considered statistically significant. The comparisons were corrected using
the Bonferroni method. All analyses were performed in SPSS for Windows Version
21.0 (IBM. Armonk, NY).
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5.2.2. Study Il
Clinical Assessment

Full clinical and EMG assessment (MdeC) was completed before
neurophysiological investigation, which was always arranged within one month

following the first clinical evaluation. An UMN score, as described by Geraldo et al.

(2018), was calculated. In each limb this score rated, tendon reflexes as 0 (absent or
very weak) to 3 (very brisk), spasticity as 0 (no spasticity) to 3 (corresponding to a 3
or 4 on modified Ashworth scale), plus Hoffmann sign for upper limbs (0 or 1 if present),
and plantar response as 0 or 1 (if present) - (maximum score 7 per limb). The bulbar
region was scored from 0 to 3 (tongue spasticity, absent 0, present 1; jaw jerk, absent
0, brisk 1, clonus 2). The total UMN score for each patient therefore ranged from 0 to
31. Alimb with very brisk reflexes (score > 3), or spasticity, or abnormal reflex Hoffman,

or extensor plantar response was considered as having UMN signs (Brooks, 1994).

Functional disability was assessed on the same day using the ALSFRS-R (maximum
healthy score 48) (Cedarbaum et al., 1999).

Cutaneous Silent Period

We have described our protocol for study of the CutSP in detail in a previous

report (Castro et al., 2021). Surface electrodes (reference 9013L0203, Natus Inc) were

used for recording EMG activity and nerve action potentials. Eligible muscles (ADM
and TA strength = 4 on the MRC scale) from limbs on both sides were investigated.
For the upper limb, recordings were made with the active electrode over the belly of
the ADM muscle, and the reference electrode on the dorsum of the hand (in order to
avoid artefact stimulation originating from the proximal ring electrode). Ground
electrode (reference 9013L0862, Natus Inc) was placed on the wrist. For the lower
limbs, recordings were made with the active electrode over the belly of the TA muscle
(7-8 cm below the lower extremity of the ipsilateral patella) and the reference electrode
5-7 cm distally to the active electrode, over the tibial bone. The ground electrode
(reference 019-400500, Natus Inc) was placed over the patella. Adhesive tape was
used to secure the electrodes. Standard amplifier filter settings of 30-Hz and 10-kHz

were used, and signals were digitized at a sampling frequency of 3 kHz.
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Sensory orthodromic stimulation, using a constant current square wave of 0.2
ms duration, was applied by ring electrodes (reference 9013S0302, Natus Inc) on the
Vi finger for the upper limbs; and using a conventional superficial bipolar bar
stimulating electrode (reference 9013L0362, Natus Inc) over the sural nerve (cathode
posterior to the lateral malleolus and anode 2 cm distally) for the lower limbs. Sensory
threshold was tested by applying progressively greater stimuli intensities from 0 mA to
the moment subject could identify 3 of 6 randomly timed stimuli, increasing stimulus
intensity by steps of 0.1 mA. Subjects were blind to the stimulus intensity used. When
necessary, threshold determination was repeated. For studies of the CutSP the
stimulus intensity was then set to 15x the sensory thresholds in upper and lower limbs.

Skin temperature was maintained >30°C in each tested limb.

Since CutSP parameters are not influenced by muscle activation in the range

of 10-60% of maximum voluntary contraction (Kofler et al., 2007, Rodi and Springer,

2011), patients were asked to maintain a stable contraction of the target muscle of
around 50% of maximum force, monitored by audio feedback of their EMG activity.
Electrical stimulation was delivered at irregular intervals, in order to avoid fatigue

(Kofler et al., 2019a). Recordings for analysis were made in a 1 second window, with

a period of 100 ms pre-stimulus signal. Ten consistent responses, recorded from each
muscle (Castro et al., 2021), were rectified, averaged, and analyzed offline, using
custom MatLab functions (MatLab R2018a, The Mathworks, Inc.,Natick,

Massachusetts). CutSP onset latency was defined as the onset of a fall in the

amplitude of the EMG trace to less than 80% of the baseline signal preceding the

peripheral stimulus (Castro et al., 2021). The duration of the CutSP was calculated

from its onset latency to the return of the EMG signal to 80% of baseline (Castro et al.

2021). EMG signal from studied muscles was quantified for testing differences

between groups.
Transcranial Magnetic Stimulation

A Magpro x100 (MagVenture, Inc, Alpharetta, Georgia) was used for TMS.
Stimulation was performed over the contralateral hand and lower limb muscle cortical
areas, defined in preliminary recordings by the lowest resting motor threshold (RMT),
using a round coil (inner diameter 35 mm; outer diameter 121 mm). MEPs were

obtained using the recording settings described above. RMT was calculated for each
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muscle, defined as the minimum stimulus intensity needed to elicit at least 50% of

responses with a minimum amplitude of 0.1 mV (Rothwell et al., 1999). Stimulation

was then performed at 20% above the RMT. Ten consecutive traces were recorded in
each muscle, separated by more than 30 seconds interval, with the target muscle at
rest, defined by audio monitoring. Recordings with artefacts or noise from adjacent
muscle contraction were discarded. The MEP with highest peak-to-peak amplitude
was selected to define motor latency and motor evoked amplitude. Central motor

conduction time (CMCT) was calculated using the F-wave method (Robinson et al.,

1988), by stimulating the ulnar nerve at wrist and the peroneal nerve at fibula (20
supramaximal stimuli,1 Hz). Taking into account normative data from our laboratory

(de_Carvalho et al., 2003), TMS was considered abnormal when there was no clear

reproducible MEP, when MEP amplitude was below 5% of the compound muscle
action potential (CMAP) peak-to-peak amplitude, or the CMCT time was greater than
8 ms for the ADM and 16 ms for the TA.

Statistical analysis

Neurophysiological data are shown with median values, and first and third
interquartile ranges (15t and 3™ IQR). Gender differences were analyzed with x2 test.
The Shapiro-Wilk test was applied to test for the data distribution and, since most
neurophysiological results did not follow a normal distribution, we applied non-
parametric tests. Correlations between variables were tested using the Spearman
correlation coefficient. Comparisons between two groups were performed using the
Mann-Whitney U test. The Kruskal-Wallis H test was used for multiple group
comparisons. Post-hoc pairwise comparisons were performed using Dunn’s
procedure, with a Bonferroni correction for multiple comparisons. A p value < 0.05 was

considered statistically significant.

Two binomial logistic regression analyses were performed, one for the upper
limb and one for the lower limb studies, to ascertain the effects of CutSP and TMS on
the likelihood of patients having UMN signs (dependent variable). CutSP parameters
of ADM and TA muscles included in the models were: onset latency, duration and
amount of EMG suppression. TMS was included as a dichotomous variable (normal
vs abnormal, see Methods). Linearity of the continuous variables with respect to the

logit of the dependent variable was assessed via the Box-Tidwell procedure (Box and
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Tidwell, 1962). A Bonferroni correction was applied using all eight terms in both

models, resulting in statistical significance being accepted when p < 0.00625. All

analyses were performed in IBM SPSS for Microsoft Windows, Version 26.0 (Armonk,
NY: IBM Corp).
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5.2.3. Study Il
Subjects

We recruited a group of healthy subjects without history of neurological disease

or who were taking drugs that could alter central nervous system excitability.

All subjects were right-handed, according to the Edinburgh Handedness
Inventory (Oldfield, 1971).

Motor task and EMG recordings

Subjects were lying supine, in a quiet room, with arms stretched along the body,
and hands resting comfortably on the bed, while trying to relax as much as possible.
They were instructed to perform brief, 2 to 3 seconds, isometric full force contractions
of only one hand (finger abduction) or one foot (foot dorsiflexion). This was considered
the active muscle. No instruction was given regarding the contralateral limb, which
was considered the mirror muscle. Three trials were performed considering one side
as active, followed by three consecutive recordings with the other side as active. Order
(right-left and hand-foot) was randomly chosen between subjects. An interval of 5 to

10 seconds was allowed for resting between each trial.

Surface electrodes (reference 9013L0203, Natus Inc) were used for recording
EMG activity. For the upper limb, recordings were made with the active electrode over
the belly of the ADM muscle, while the reference electrode was placed on the volar
side of the proximal inter-phalangeal joint of the 5t finger. The ground electrode was
placed on the wrist. For the lower limb, recordings were performed with the active
electrode over the belly of the TA muscle and the reference electrode 5-7 cm distally,
over the tibial bone. The ground electrode was placed on the ankle. Standard amplifier
filter settings of 30-Hz and 10-kHz were used. Signals were digitized at sampling
frequencies of 3 kHz and 24 kHz in order to assess the algorithm performance in
commonly used ranges of sampling frequencies in clinical neurophysiology.

Recordings were made on a 10 second window and stored for offline analysis.

Additionally, two experienced neurophysiologists (JC and IdeC), independently
marked the beginning of muscle activation, for comparison with the proposed

algorithm.

JOSE CASTRO



Inhibitory Circuitry in Motor Neuron Disease:
Changes in Spinal and Corticospinal Mechanisms in Amyotrophic Lateral Sclerosis and its Variants

Mathematical Algorithm for signal analysis

The signals obtained were stored and exported as txt files, which were then
analyzed offline using a custom built MatLab algorithm (MatLab R2018a, The

Mathworks, Inc., Natick, Massachusetts).

The calculations of the starting and finishing points of muscle activation were

based on a mathematical formula previously described in the literature (Garvey et al.,

2001). In a small percentage of signals analyzed (6%), it was necessary to apply a
50Hz band pass filter to the signal due to the presence of electrical artifacts. Latency
determinations were defined by the algorithm and both operators who were blind to

the algorithm results and to the other operator determination.

The MatLab trapz function was used to estimate the amount of EMG signal in
both sides, by calculating the area under the curve of the absolute value of the raw
EMG signal during the estimated active muscle contraction. To control for differences
in force across subjects, the amount of EMG signal in the mirror muscle during the

motor task was defined as a percentage of the EMG signal of the active muscle

EMG signal of the mirror muslce

according to the formula: Mirror EMG = x 100.

EMG signal of the target muscle

An example of the custom function output can be seen in Figure 20.
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Figure 20 — Example of our custom algorithm output
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EMG - Electromyography signal; RMS — root mean square. Note: Adapted from Castro et al. (2023a), with permission.

The detailed code used for the construction of the algorithm, along with

comments, can be found in the supplementary material.
Statistical analysis

Descriptive data is shown with mean values and standard deviations, or median
with interquartile range (IQR), as appropriate. Inter-rater reliability was assessed with
a two-way mixed model Intraclass Correlation Coefficient (ICC (2,k); Absolute

Agreement) (McGraw and Wong, 1996). ICC reliability was considered poor for values

lower than 0.5, moderate for values between 0.5-0.75, good for values 0.75-0.9 and
excellent for values higher than 0.9 (Portney, 2020). We used the 95% Limits of

Agreement, as proposed by Bland and Altman (1986), to evaluate the mean

differences in the latency of the beginning of muscle activation as marked by the

proposed algorithm and by the two neurophysiologists.

Regarding the amount of mirror EMG signal, the Shapiro-Wilk test was applied
to test for the normality of data distribution. Given that the data was not normally

distributed, non-parametric tests were used. Differences in gender and sides were

JOSE CASTRO



Inhibitory Circuitry in Motor Neuron Disease:
Changes in Spinal and Corticospinal Mechanisms in Amyotrophic Lateral Sclerosis and its Variants

assessed with a Mann-Whitney U test. Correlation of mirror activity with age was
evaluated with a Spearman rank-order correlation. A p value < 0.05 was considered

statistically significant.

For calculations of normative data, we performed a logarithmic transformation

log(x+1) of the mirror muscle signal amplitudes (McDonald, 2014). The resulting data

followed a normal distribution. After the analysis, the data was back-transformed, in

order to obtain meaningful values.

All analyses were performed in IBM SPSS for Microsoft Windows, Version 26.0
(Armonk, NY: IBM Corp).
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5.2.4. Study IV
Clinical Assessment

Clinical and EMG assessments (MdeC) were carried out prior to the
neurophysiological investigation, which was always scheduled within one month of the

initial clinical evaluation. A clinical UMN score, as described by Geraldo et al. (2018),

was derived: the total UMN score for each patient ranged from 0 to 31. Functional
disability was assessed on the same day using the ALSFRS-R scale (maximum
healthy score 48) (Cedarbaum et al., 1999).

Cognitive assessment

As part of our clinical routine, we evaluate cognition in ALS patients. We use
the validated Portuguese version of the Edinburgh Cognitive and Behavioral ALS

Screen (ECAS) (Tomsic, 2015), which is a multi-domain neuropsychological battery

specifically developed for assessing cognitive status in ALS patients (Abrahams et al.,

2014). This battery assesses domains that are described as impaired in ALS
(executive functions, social cognition, verbal fluency, and language), but also other

domains (memory and visuospatial performance).
Mirror movements

Patients were positioned supine in a silent room, with their arms extended along
their body and hands resting comfortably on the bed. They were instructed to perform
brief isometric full force contractions in only one hand (fifth finger abduction, ADM) or
one foot (foot dorsiflexion, TA), which was considered the active muscle. The subjects
were instructed to maintain the contralateral part of the body fully relaxed. This was
monitored by the device loudspeaker. Each subject performed three trials (10 seconds
maximal contraction and 15 seconds resting) in each muscle of one side, followed by
the same protocol on the opposite side. The order of muscle (ADM or TA) and side

(right or left) contraction was randomly assigned between subjects.

Surface electrodes (reference 9013L0203, Natus Inc) were used for recording
EMG activity. For the upper limb, recordings were made with the active electrode over
the belly of the ADM, while the reference electrode was placed on the palmar side of
the proximal inter-phalangeal joint of the 5™ finger. The ground electrode was placed

on the wrist. For the lower limb, recordings were performed with the active electrode
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over the belly of the TA muscle and the reference electrode 5-7 cm distally, over the
tibial bone. The ground electrode was placed on the ankle. Standard amplifier filter
settings of 30-Hz and 10-kHz were used. Signals were digitized at a sampling
frequency of 3 kHz. Recordings were made on a 10 second window and stored for

offline analysis.

Mirror activity was quantified using a custom built MatLab algorithm (MatLab
R2018a, The Mathworks, Inc., Natick, Massachusetts) developed by our group, and
published elsewhere (Castro et al., 2023a). Briefly, our algorithm detects the starting

and finishing points of the active muscle contraction and estimates the amount of EMG
signal between those two points by calculating the area under the curve for both the
active and the mirror muscles. The amount of mirror activity is then expressed as a

percentage of the EMG signal of the active muscle.
Transcranial Magnetic Stimulation

A Magpro x100 (MagVenture, Inc, Alpharetta, Georgia USA) was used for TMS.
Stimulation was performed over the contralateral hand and lower limb muscle cortical
areas, defined in preliminary recordings by the lowest resting motor threshold (RMT),
using a round coil (inner diameter 35 mm; outer diameter 121 mm). MEPs were
obtained using the recording settings described above. RMT was calculated for each
muscle, defined as the minimum stimulus intensity needed to elicit at least 50% of

responses with a minimum amplitude of 0.1 mV (Rothwell et al., 1999). Stimulation

was set at 120% of RMT. Ten consecutive traces were recorded in each muscle,
separated by more than 30 seconds interval, with the target muscle at rest, as
controlled by audio monitoring. Recordings with artefacts or noise from adjacent
muscle contraction were discarded. The MEP with highest peak-to-peak amplitude
was selected to define motor latency and motor evoked amplitude. Amplitude was
recorded as a ratio between MEP and CMAP peak-to-peak amplitudes. CMCT was

calculated using the F-wave method (Robinson et al., 1988), by stimulating the ulnar

nerve at wrist and the peroneal nerve at fibula (20 supramaximal stimuli,1 Hz). Taking

into account normative data from our laboratory (de Carvalho et al., 2003), TMS was

considered abnormal for the studied limb if one of the following were met: no
reproducible MEP; MEP amplitude below 5% of CMAP amplitude; CMCT longer than
8 ms for the ADM or 16 ms for the TA.
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Ipsilateral Silent Period

We assessed the Ipsilateral Silent Period (iISPs) in both ADM muscles, using
the same TMS setting. Stimulation was applied, during maximum voluntary contraction
of the ipsilateral ADM, and recording 6 to 8 responses, allowing for a 20 second rest
between trials. Traces were recorded for offline analysis, and then rectified and
averaged. The latencies of the iSP were derived using the mathematical method

proposed by Garvey et al. (2001). The onset latency was calculated from the cortical

stimulus to a consistent fall in the amplitude of the EMG trace to less than the mean
amplitude of the 100 ms of EMG preceding the stimulus — [MCD*2.66]. The duration of
the iSP was calculated from its onset latency to the return of the EMG signal to this
mean pre-stimulus EMG amplitude — [MCD*2.66]. iSPs were classified as abnormal
when either onset latency or duration were outside the normal limits for our laboratory

(latency higher than 48.8 ms; duration lower than 12.4 ms or longer than 61.8 ms).
Statistical analysis

Descriptive data is shown with mean values and standard deviations, or median
and first and third interquartile (15t and 3™ IQR), as appropriate. Data distribution was
assessed with the Shapiro-Wilk test and, since most neurophysiological results did not
follow a normal distribution, we subsequently used non-parametric tests. We
considered p values lower than 0.05 as significant. Correlations between variables
were tested using the Spearman correlation coefficient. Comparisons between 2
groups were performed using the Mann-Whitney U test. The Kruskal-Wallis H test was
used for comparisons of more than 2 groups. Post-hoc pairwise comparisons were
performed using Dunn’s procedure. False discovery rates for multiple comparisons

were controlled by the Benjamini-Hochberg procedure (Benjamini_and Hochberg,

2018), using a false discovery rate of 5%.
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5.2.5. Study V

Clinical Assessment

Clinical and EMG assessments (MdeC) were carried out prior to the
investigation protocol, within a time interval shorter than one month. A clinical upper
motor neuron (UMN) score, as described by Geraldo et al. (2018), was derived. The
total UMN subscore for the lower limbs (UMN LL) is 14 (Reflexes 0-3; Spasticy 0-3;
Babinsky 0-1). Functional disability was assessed on the same day using the ALSFRS-

R (maximum healthy score 48) (Cedarbaum et al., 1999).

Neurophysiological measurements

All neurophysiological studies were conducted in a quiet room, using a Dantec
Keypoint G4, with Keypoint.Net software (Natus Medical Inc., Pleasanton, California).
The EMG signal was recorded at a sampling frequency of 6 kHz and bandpass-filtered
between 20 Hz and 10 kHz.

Studies were performed with the subject in a reclined comfortable supine
position, with the hip flexed to 150°, the knee flexed to 160° and the ankle at 110° of

plantar flexion (Burke et al., 1999). Subjects were instructed to keep their leg relaxed

throughout the procedures with visual and auditory feedback used to identify any

background EMG activity.

For the control H reflex and all conditioning paradigms, 10 consecutive
recordings were performed, with an irregular rate of stimulation, with no less than 10
seconds between each pair of stimuli. The average unconditioned and conditioned H

amplitude was then calculated.
H Reflex

The H reflex was obtained from the right soleus muscle, after percutaneous
stimulation of the posterior tibial nerve (PTN) in the popliteal fossa, with a square wave
stimulus of 1 ms duration, positioning the anode electrode over the knee (Pierrot-

Deseilligny and Burke, 2012). Recordings were made with superficial Ag/AgCI

adhesive electrodes (reference 9013L0203, Natus Inc), with the active electrode over
the belly of the soleus muscle, and the reference electrode over the Achilles tendon.
The ground electrode was placed over the anterior aspect of the knee. Stimulus

intensity was adjusted in order to obtain maximum H amplitude (Hmax).
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Recurrent inhibition

The alpha-motoneurons possess collateral axons that synapse on a group of

inhibitory interneurons in the ventral horn of the spinal cord (Figure 21A). These

interneurons are called Renshaw cells (Renshaw, 1946), which project back into both
homonymous motor neurons and synergist motor neurons in neighbouring segments,

providing a negative feedback (Pierrot-Deseilligny and Burke, 2012). Recurrent

inhibition can be either homonymous or heteronymous (Knikou, 2008, Pierrot-
Deseilligny and Burke, 2012).

We studied the homonymous recurrent inhibition, using the paired H reflex

technique (Pierrot-Deseilligny and Bussel, 1975). Paired percutaneous electrical

stimuli were performed over the PTN, in the popliteal fossa. The first stimulus (S1) was
given at a fixed intensity that elicited a maximum control H reflex. A second stimulus
(S2) was applied, with an interstimulus interval (ISI) of 10 ms, with a supramaximal
intensity for the soleus M-wave. The recording setting was the same as of the standard
H reflex. The average of the conditioned H (H’) amplitude was calculated. The amount
of recurrent inhibition (H’ri) was calculated by the ratio H'/Hmax as proposed previously

(Bussel and Pierrot-Deseilligny, 1977).

Presynaptic inhibition of la terminals

In man, la terminals mediating the afferent volley of the H reflex are subject to

presynaptic inhibition, controlled by supraspinal pathways (see Pierrot-Deseilligny and

Burke (2012) for a detailed description). These mechanisms are modulated by

GABAergic spinal interneurons (Rudomin and Schmidt, 1999), and are essential to

motor control programs (Figure 21B).

To assess presynaptic inhibition, we used the D1 inhibition (Mizuno et al., 1971),

that has been extensively used to study this mechanism in other diseases. A
conditioning stimulus (S1), consisting of a train of 3 electrical stimuli to the common
peroneal nerve (CPN), using surface electrodes over the fibular head (square wave of
1 ms duration, ISI 3 ms, 1.3x the motor threshold for the Tibialis anterior). A second
stimulus (S2) was applied over the PTN, 21 ms after the initial stimulus of the
conditioning train, with the same intensity used for Hnax. The recording setting was the

same as of the standard H reflex. The average conditioned H (H’) amplitude was
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calculated. The amount of inhibition (H'rre) Was given by the absolute decrease in

__ Hpmax—H’

amplitude as a percentage of Mmax, calculated by the formula H'p,., = % 100.

Max

Figure 21 — Wiring diagrams of the different techniques used for testing H reflex conditioning

paradigms, and illustrative examples of recordings
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A — Recurrent inhibition: The first stimulus (S1) was given at an intensity that elicited a maximum control H reflex. A
second stimulus (S2) was applied, with an interstimulus interval (ISI) of 10 ms, with a supramaximal intensity for the soleus M-
wave. S2 does not evoke an H reflex by itself because of the collision of antidromic motor impulses with the orthodromic volley.
However, when S2 is preceded by a submaximal conditioning stimulus, an orthodromic reflex volley in response to S1 is produced
in motor axons that collides with the antidromic motor volley produced by S2. The collision allows for the potential generation of
areflex response to S2 in the alpha motoneurons that fired as part of the H reflex generated by S1; B — Presynaptic inhibition of
la afferents: The conditioning stimulus induces the afferent volley in the tibialis anterior (TA) la afferent fibres and activates primary
afferent depolarization (PAD) interneurons (INs) responsible for the presynaptic inhibition of la soleus fibres before the synapse
with the soleus motoneuron; C — Inhibition after cutaneous stimulation: Conditioning stimulus induces the afferent volley in the
cutaneous/nociceptive fibres in the sural nerve from the skin of the lateral side of the fifth toe activating spinal INs projecting on

soleus motoneuron.

Inhibition after cutaneous stimulation

Both physiological and anatomical evidence support the presence of last-order
GABAergic interneurons that play a crucial role in modulating the synaptic efficacy of

large cutaneous afferents within the dorsal horn of the spinal cord (Eccles et al., 1963,
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Rudomin and Schmidt, 1999) (Figure 21C). In man, an electrical stimulus applied to

the lateral sural nerve has been shown to reduce the soleus H reflex amplitude
(Bathien _and Hugon, 1964, Crone et al., 1990, Klomjai et al., 2014). Although

stimulation of the sural nerve can also cause facilitation of the H reflex, it has been

demonstrated that using repetitive sural nerve stimulation increases the amount of H

reflex inhibition at specific timepoints (Delwaide et al., 1981).

Considering the added effect on the H reflex amplitude when using repetitive

stimulation, we used the protocol proposed by Klomjai et al. (2014). A conditioning

stimulus (S1), consisting of a train of 17 stimuli, was applied over the lateral dorsal
aspect of the right foot using surface electrodes (square wave of 1 ms duration, I1SI 3
ms, 3x the perception threshold). A second stimulus (S2) was applied over the PTN,
50 ms after the initial stimulus of the conditioning train, with the same intensity used
for Hnax. The recording parameters were the same of the standard H reflex. The
average conditioned H (H’) amplitude was calculated. The amount of inhibition (H’pos)

was given by the absolute decrease in amplitude as a percentage of Mmax, calculated

by the formula H'p,; = W %X 100. Given that a noxious cutaneous stimulus often
Max

is accompanied by a withdrawal movement of the stimulated limb, and this could in

turn alter the motoneuron pool excitability and influence the H reflex (Burke, 2016),

care was taken to ensure that the conditioning stimulus did not produce any movement
of the limb, both by visual inspection and by monitoring EMG signal from tibialis

anterior and soleus muscles.
Statistical analysis

Descriptive data is shown with median and first and third interquartile (15 and
3 IQR). Gender differences were analyzed with x2 test. Data distribution was
assessed with the Shapiro-Wilk test. Given the non-normality distribution of our
variables, we used non-parametric tests. Comparisons between 2 groups were
performed with a Mann-Whitney U test, using an exact sample distribution (Dinneen

and Blakesley, 1973). Correlations between variables were tested using the Spearman

correlation coefficient. Multiple linear regression models were created to assess the
degree to which differences in the different conditioning paradigms were predicted by

variation in clinical UMN dysfunction (UMN Score), age and gender. We considered p
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values lower than 0.05 as significant. All analyses were performed in IBM SPSS for
Microsoft Windows, Version 26.0 (Armonk, NY: IBM Corp).
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5.3. Ethical statement

All studies included in this dissertation followed the ethical principles as
declared in the Declaration of Helsiniki (2013), and were approved by Ethics
commission of the Lisbon Academic Medical Center (Ref. 405/2019 and 385/20). All
subjects recruited agreed to participate in the studies performed and have signed a

written informed consent.
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6. Results

6.1. Study |

Forty-six MND patients (14 women) and 28 healthy controls (16 women) were
included in the study. Demographic variables are shown in Table 3. Age was similar
among the groups (p = 0.99). Regarding gender, there was a marginal difference (p =

0.049), since PMA included more men than the other groups, as expected.

Table 3 — Characteristics of the subjects studied

N Age (Mean + SD Gender
(range)
Female Male
Controls 28 61.7 £10.1 (45-76) 16 (57%) 12 (43%)
ALS 16 61.2 +13.6 (38-79) 6 (38%) 10 (62%)
PMA 15 61.0 £13.9 (33-79) 2 (13%) 13 (87%)
PLS + UMN-ALS 15 62.1 £8.5 (45-76) 6 (40%) 9 (60%)

ALS- amyotrophic lateral sclerosis; PMA — progressive muscular atrophy; PLS — primary lateral sclerosis; UMN-ALS —

predominant upper motor signs ALS (spastic lower limbs and/or upper limbs). Note: Adapted from Castro et al. (2021), with

permission.

However, gender do not affect CutSP (Floeter, 2003) and we did not find any

differences between men and women in the healthy control group (p > 0.05).

CutSP was absent in one PMA patient with both experimental protocols, in
another PMA patient in the baseline condition, in one ALS patient in the baseline
condition, and in one healthy control in the baseline condition. The amount of EMG
signal during maximum contraction, as well as the degree of contraction during the
CutSP measurement was similar in the different groups for the different experimental
conditions (Table 4; p > 0.05).

Results of the CutSP measurements are summarized in Table 5. In the baseline

condition, all MND groups showed delayed onset latencies, when compared to healthy
controls (p = 0.001). There was no significant difference in the CutSP duration among
groups. The one-way ANOVA showed a significant difference between groups
regarding EMG suppression in the baseline condition (p = 0.005). Despite a trend for
less EMG suppression during the CutSP in all MND groups, the Tukey HSD post-hoc
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analysis revealed that only in the PLS + UMN-ALS group was statistical significance

achieved when compared to healthy controls (65.8 vs 74.6%; p = 0.004) (Figure 22).

Table 4 — Values of EMG signal during full contraction and degree of contraction in both

experimental protocols; values are represented by mean * SD

Healthy Controls ALS PMA PLS+UMN-ALS
EMG signal during full 381.3 £ 215.0 285.5 + 128.7 351.6 + 164.5 2347718
contraction (mV)
DEFEDE/ GREEE 35,6+ 12.7 49.3+ 11.7 42.7£17.9 40.2 % 15.3
Baseline condition (%)
Degree of contraction in 37.3+12.4 50.5+19.6 49.2+18.8 44.0+17.0

Test condition (%)
ALS- amyotrophic lateral sclerosis; PMA — progressive muscular atrophy; PLS — primary lateral sclerosis; UMN-ALS —

predominant upper motor signs ALS (spastic lower limbs and/or upper limbs). Note: Adapted from Castro et al. (2021), with

permission.

During simultaneous contralateral ADM contraction, no change was observed
in the control group. However, onset latency shortened in the PMA group (p = 0.001,
Table 5). In the test condition, with co-contraction of the contralateral ADM, the one-
way ANOVA showed significant differences between groups regarding the onset
latency of the CutSP (p = 0.004).

Table 5 — Results of cutaneous silent period measurements in each group; values are

represented by mean * SD

Baseline condition Test condition
Healthy PLS+UMN Healthy PLS+UMN-
Controls ALE FLAE -ALS Controls = FA ALS
CutSP onset
Latency 72.5 +6.1* 83.9+12.3 83.6x13.7 84.7+122 | 73.7+11.5* 83.3x15.7 76.1 £11.3 87.9+13.4
(ms)
CutSP
duration 65.1£19.1 64.4+21.0 63.6+19.5 69.1+23.9 62.9 +15.8 60.8 +23.7 72.3 £17.2 61.5+25.9
(ms)
EMG
Suppression  74.6 £5.8*** 69.0 £8.1 70.1£9.4 65.8 £8.3 74.6 £6.0*** 68.0 £7.3 69.3 £8.0 65.3 £9.2
(%)

* Onset-latency was significantly shorter in healthy controls as compared with any other group in the baseline condition
(p = 0.001). ** Onset-latency was significantly shorter in healthy controls than in the PLS+UMN-ALS group in the test condition
(p=0.004). *** EMG suppression was significantly lower in the PLS+UMN-ALS group (p=0.04 and p=0.001, in the baseline and
test condition, respectively) and in the ALS group in the test condition (p=0.04) than in the control group. CutSP — cutaneous
silent period; ALS- amyotrophic lateral sclerosis; PMA — progressive muscular atrophy; PLS — primary lateral sclerosis; UMN-ALS
— predominant upper motor signs ALS (spastic lower limbs and/or upper limbs). Note: Adapted from Castro et al. (2021), with

permission.
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Figure 22 — Cutaneous silent period variables in each group
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Each point corresponds to one subject; Asterisks denote significant changes when compared to healthy controls (p <

0.05). Note: Adapted from Castro et al. (2021), with permission.

However, the post-hoc tests revealed that only the PLS + UMN-ALS group had
prolonged onset latency of the CutSP (Figure 23) when compared to healthy controls
(p = 0.004). In this experiment, the amount of EMG suppression tended to further
decrease in all MND groups, while staying the same in the healthy subjects group,
when compared to the values observed at baseline. Consequently, the difference in
the amount of EMG suppression achieved statistical significance not only for PLS +

UMN-ALS group (p < 0.001) but also for the ALS group (p = 0.04) (Figure 22).
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Figure 23 — Cutaneous silent period examples for each group and experimental condition
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A — Control subject; B — PMA subject; C — ALS subject; D — PLS+UMN-ALS subject; Vertical solid line — Onset latency
for the control subject Cutaneous silent period (CutSP); Vertical dotted lines — Onset latency for each CutSP example; Horizontal
dashed lines — 80% of pre-stimulus average EMG signal. In the test condition, onset latencies for the PMA and ALS groups
shortened, with no significant difference from controls. Note: Adapted from Castro et al. (2021), with permission.
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6.2. Study Il

Twenty-four ALS patients, 7 women (29%; median age 59.5 years, IQR 52.5-
69.0) were studied. They were consecutively observed patients respecting inclusion

and exclusion criteria and consenting.
CutSP measurements

Measurements of the CutSP were obtained in a total of 74 muscles, 45 ADM
and 29 TA, after excluding results from weak muscles (MRC <4, see methods) or those
with an absent CutSP (7 TA muscles). CutSP onset latency was longer in TA (median
103.3 ms, IQR 89.0-108.3) than in ADM (median 77.0 ms, IQR 72.7-80.3) (p < 0.001).
But CutSP duration (TA, median 58.3 ms, IQR 45.0-72.0; ADM, median 64 ms, IQR
52.3-75.7) and EMG suppression (TA, median 77.1%, IQR 70.7-81.4; ADM, median
75.1%, IQR 72.1-78.2) were similar (p = 0.71 and 0.65, respectively).

The CutSP measurements were also obtained in healthy subjects. For the ADM
muscles, we used the values of 27 muscles from 28 healthy subjects (16 women;

median age 63.5, IQR 52.5-69.0), reported from our previous study (Castro et al.,

2021). For the TA muscles, values were obtained in 26 TA muscles from 13 healthy
subjects (7 women; median age 57.0 years, IQR 39.0-62.0). CutSP was absent in one
ADM from a healthy control subject.

Comparison of ALS and healthy subjects groups, disclosed a marginal
difference in gender in the ADM groups (p = 0.043), since the control group had a
higher number of females. Nevertheless, there was no difference between men and
women in our healthy control group (p > 0.05), and gender does not seem to influence
CutSP (Floeter, 2003). There were no significant differences in age between groups,
for both ADM and TA sets. Regarding CutSP measurements, ALS patients had
significantly higher onset latencies, for both ADM (p = 0.006) and TA (p = 0.005)

muscles, compared to healthy controls (Table 6).
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Table 6 — Cutaneous silent period measurements in ALS patients and healthy subjects

ADM TA
ALS patients Healthy subjects  ALS patients (n=29)  Healthy subjects
(n=45) (n=27) (n=26)
CutSP onset latency (ms) 77.0% (72.7-803) 71.3 (68.7-76.7) 103.3** (89.0-108.3) 87.2 (78.7-99.0)
CutSP duration (ms) 64.0 (52.3-75.7) 65.3 (54.7-74.7) 58.3 (45.0-72.0) 61.5 (49.3-74.0)
EMG suppression (% amplitude) 77.1(70.7-81.4) 75.7 (71.0-78.6) 75.1(72.1-78.2) 75.5 (72.9-79.8)

All values represented are Median (IQR); CutSP — cutaneous silent period; ALS — amyotrophic lateral sclerosis; n —
number of muscles included; ADM — abductor digit minimi; TA — tibialis anterior; *p =0.006 (Mann-Whitney test); ** p =0.005
(Mann-Whitney test); *** p =0.007 (Mann-Whitney test). Note: Adapted from Castro et al. (2023b), with permission.

Clinical UMN signs

Since abnormalities in CutSP could be explained by inhibitory effects at
segmental spinal levels, we categorized the tested muscles into 2 groups, according
to the presence, or absence of clinical UMN signs in the respective spinal segment
(see Methods). From the set of 45 ADM and 29 TA muscles from ALS patients, 27
ADM and 21 TA had clinical signs of UMN involvement in the respective limb. We
compared CutSP measurements in limbs with and without UMN signs (Figure 24),
and each of these subgroups with values from healthy subjects. The Kruskal-Wallis H

test showed statistically significant differences between the above 3 subgroups for

ADM (p = 0.004) and TA (p = 0.004) regarding CutSP onset latency. There were
also significant differences in the amount of EMG suppression for the TA muscles (p =

0.022). Pairwise comparisons are shown in Table 7.

Onset latencies were significantly higher in muscles with UMN signs when
compared to controls (ADM and TA, p = 0.001). There was a significant decrease in
the amount of EMG suppression in muscles with UMN signs when compared to
muscles without UMN signs, p = 0.08 (Figure 25). There were no significant
differences between muscles without UMN signs and control subjects. In the 7 TA

muscles with no CutSP, clinical signs of UMN lesion were positive in 4 legs.
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Figure 24 — Cutaneous silent period examples for each muscle studied, with and without UMN

signs in the respective limb
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In every studied muscle the needle EMG changes were mild or moderate
according to the inclusion criteria. Nevertheless, in order to assess a possible
influence of LMN degeneration in the CutSP findings, we analyzed neurophysiological
data that evaluates LMN function. The degree of muscle contraction, evaluated by the
envelope EMG signal, and ADM and TA CMAP amplitudes, following nerve stimulation,
were similar between muscles with vs without CutSP, as well as between muscles in

limbs with vs without clinical UMN signs (p > 0.05).
TMS studies

TMS recordings were investigated, as a further measure of UMN dysfunction,
in the spinal segments. A reproducible motor evoked response was absent in 2 ADM
and 7 TA muscles. Abnormal TMS responses were found in 73% of ADM and 42% of
TA muscles (absent responses in eligible muscles was considered an abnormal
result). RMT for ADM recordings (median 50.0%, IQR 50.0-58.0) was lower than in the
TA recordings (median 75.0%, IQR 65.0-80.0). In addition, the MEP latency (median
23.3 ms, IQR 22.6-24.7) and CMTC (median 8.5 ms, IQR 7.4-9.2) were shorter in ADM
than in TArecordings (median 32.2 ms, IQR 31.3-35.7 and median 14.4 ms, IQR 13.3-
116.0, respectively) (p < 0.001). Median motor amplitudes recorded in ADM (median
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1.3 mV, IQR 0.7-2.3) were similar to TA (median 0.7 mV, IQR 0.5-1.2) (p = 0.36). We
compared TMS results in muscles with vs without UMN signs (Table 7). There were

no significant differences between groups (p > 0.005).

Table 7 — Cutaneous silent period measurements and TMS results in healthy subjects and in

muscles with or without UMN clinical signs

ADM TA
UMN signs No UMN signs :ji?é?é UMN signs No UMN Healthy
(n=27) (n=18) o =127) (n=21) signs (n=8) subjects (n=26)
CutSP onset latency 78.0* 75.2 71.3 104.3* 91.3 87.2
(ms) (73.0-87.7)  (71.3-78.0) ©68.7-76.7) | (91.3-1007)  (81.5-1035) (78.7-99.0)
70.0 615 65.3 58.3 65.5 615
CutSP duration (ms
uiSP duration (MS) o33 837y (51.3-66.0)  (547-747) | (43.0-71.0)  (50.7-75.2) (49.3-74.0)
EMG suppression (% 78.7 74.6 75.7 72.8** 78.7 75.5
amplitude) (69.8-82.9) (71.4-81.3) (71.0-78.6) (70.4-75.6) (77.1-80.1) (72.9-79.8)
UMN signs No UMN signs UMN signs g _
(n=25) (n=18) (n=18) No UMN signs (n=11)
53.0 50.0 72.5 75.0
TMS threshold (%
reshold (%) (50.0-65.0) (45.0-55.0) (65.0-80.0) (65.0-90)
24.0 23.0 32.7 321
TMS laten
atency (ms) (22.7-24.3) (22.6-24.7) (31.4-35.7) (30.9-36.6)
13 13 0.9 06
™ I v
S amplitude (mV) (0.5-2.3) (1.0-2.0) (0.6-1.2) (0.5-1.3)
8.6 8.5 14.6 14.2
TMS CMCT
(ms) (7.4-9.4) (7.9-9.2) (12.8-16) (13.4-17.2)

Alimb with very brisk reflexes (score > 3), or spasticity or abnormal reflex Hoffman or extensor plantar response) was
considered as having UMN signs (Brooks, 1994). All values represented are Median (IQR); CutSP — cutaneous silent period; n —
number of muscles included; ADM — abductor digit minimi; TA —tibialis anterior; UMN signs — clinical signs of upper motor neurons
lesion (see methods for definition); *p = 0.001 (post-hoc comparison UMN signs — healthy subjects); ** p = 0.008 (post-hoc

comparison UMN signs — No UMN signs). Note: Adapted from Castro et al. (2023b), with permission.

We also categorized muscles into 2 groups, according to the presence or
absence of TMS abnormalities in the respective limb. From the set of 45 ADM and 29
TA muscles from ALS patients, 33 ADM and 10 TA had abnormal TMS results, as
defined in the methods. We compared CutSP measurements in limbs with normal and
abnormal TMS results. The Kruskal-Wallis H test comparing limbs with and without
UMN signs in ALS patients, and with controls, showed statistically significant
differences between groups for ADM (p = 0.022) and TA (p < 0.001) CutSP onset
latency. Pairwise comparisons are shown in Table 8. In ADM muscles with abnormal
TMS results, CutSP onset latencies were prolonged when compared with healthy
subjects (p = 0.007). In TA muscles with abnormal TMS, CutSP onset latencies were
significantly prolonged when compared either with muscles with normal TMS results
(p = 0.004) or with healthy controls (p < 0.001).
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Figure 25 — Distribution of cutaneous silent period parameters in healthy subjects and in

patients with or without UMN clinical signs
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ADM - abductor digit minimi; TA — tibialis anterior; UMN — Upper motor neuron; ms — milliseconds. Note: Adapted from

Castro et al. (2023b), with permission.

Correlation analysis

The median total UMN score and ALSFRS-R score were 10.5 (IQR 6.5-14.0)
and 45.0 (44.0-45.5), respectively. No significant correlations were found between

these scores and CutSP parameters (p > 0.05 for all tests).

As previously done, we considered the UMN score in each specific anatomical
region. For the cervical region, we identified a significant correlation between upper
limb UMN score and CutSP duration in the ADM muscles (rs = 0.30, p = 0.045). For
the lumbosacral region, there was a significant correlation between lower limb UMN
scores and CutSP onset latency (rs= 0.54, p = 0.002) and also with EMG suppression
(rs=-0.40, p = 0.031) in TA muscles. There were no significant correlations between

TMS parameters and UMN score in both anatomical regions.

We also investigated correlations between TMS parameters and CutSP
findings. For the ADM, we found a significant correlation between CutSP onset latency
and CMCT (rs=0.36, p = 0.018) and RMT (rs= 0.34, p = 0.025). For the TA there was

no significant correlation between CutSP measurements and TMS findings.
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Table 8 — Results from healthy subjects and limbs with vs without TMS changes

ADM TA
Abnormal Normal TMS sl-:;?g:t); Abnormal Normal TMS ::Elggé
TMS# (n=33) (n=12) (n=27) TMS# (n=10) (n=19) (n=26)

CutSP onset 77.3* 75.2 71.3 107.5** 91.3 87.2
latency (ms) (72.7-80.3) (72.2-80.9) (68.7-76.7) (103.7-112.3)  (82.3-105.3) (78.7-99.0)

CutSP duration 66.7 61.5 65.3 52.5 66.0 61.5
(ms) (52.3-78.0) (53.7-67.4) (54.7-74.7) (42.7-65.0) (45.0-78.0) (49.3-74.0)

EMG suppression 77.2 73.5 75.7 72.7 76.0 75.5
(% amplitude) (72.2-80.9) (68.8-83.2) (71.0-78.6) (71.7-75.6) (72.2-79.1) (72.9-79.8)

All values represented are Median (IQR). Absent responses in eligible muscles were considered an abnormal result.
CutSP — cutaneous silent period; n — number of muscles included; ADM — abductor digit minimi; TA — tibialis anterior; # - including
absent responses; TMS — transcranial magnetic stimulation; *p = 0.007 (post-hoc comparison Abnormal TMS — Healthy subjects);
**p = 0.004 (post-hoc comparison Abnormal TMS — Normal TMS) and p < 0.001 (post-hoc comparison Abnormal TMS — Healthy
subjects) Note: Adapted from Castro et al. (2023b), with permission.

Binomial logistic regression analyses

All continuous independent variables were found to be linearly related to the
logit of the dependent variable (clinical UMN signs), and there were no significant

outliers (standardized residuals < 2.0 standard deviations).

For the upper limb, the logistic regression model was statistically significant,
x?(4) = 18.198, p < 0.05. Using the Nagelkerke R?to evaluate the goodness of fit of
the logistic regression model, this model explained 45.0% of the variance in the
presence of clinical UMN signs and correctly classified 73.3% of cases (Nagelkerke,
1991). Of the four variables included, only two were statistically significant: CutSP
onset latency and CutSP duration (Table 9). Increasing onset latency and duration
were associated with an increased likelihood of having clinical UMN signs in upper
limbs. For the lower limb, the logistic regression model was statistically significant,
x?(4) = 11.035, p < 0.05. Using the Nagelkerke R?to evaluate the goodness of fit of
the logistic regression model, this model explained 45.7% of the variance in the
presence of clinical UMN signs and correctly classified 79.3% of cases (Nagelkerke,
1991). Despite this, none of the four variables included achieved statistical
significance. There was, however, a trend (p = 0.082) for the decrease in the amount
of EMG suppression to be associated with an increased likelihood of having clinical
UMN signs.
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Table 9 — Logistic regression analysis for the presence of UMN signs in the upper limb

Lower 95% Upper 95%

B SE Wald df P Odds Ratio cl cl
CutSP onset 0.194 0.068 8.215 1 0.004* 1214 1,063 1387
latency
Gz 0.086 0.036 5.814 1 0.016* 1,089 1016 1168
duration
EMG. 0.023 0.066 0.122 1 0.727 1.023 0.899 1.164
suppression
T™S 0310 0.831 0.139 1 0.709 1.364 0.268 6.948
Constant -21.998 8.487 6.718 1 0.010 0.000

In the model, TMS was included as a dichotomous variable (normal vs abnormal); * - statistically significant predictors
of the presence of UMN signs using this model. ADM — abductor digit minimi; UMN — clinical signs of upper motor neurons lesion
(see methods for definition); TMS — transcranial magnetic stimulation changes (see methods for definition); 95% CI: confidence

interval for odds ratio. Note: Adapted from Castro et al. (2023b), with permission.

In this model, TMS defined as normal vs abnormal was not predictive of the
clinical UMN signs for both upper and lower limbs. We tested an additional model,
which included TMS threshold, MEP amplitude and CMCT. The results of this model

were similar to the ones described above.
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6.3. Study Il

Fifty-seven subjects (42 females; mean age 56.9 + 13.8 SD; 20-83) were
recruited. In 41 subjects, the upper limbs were studied. In a subset of 16 subjects, all
4 limbs were evaluated. Records were obtained from bilateral ADM and TA muscles at

sampling frequencies of 3 and 24 Hz, as detailed in Table 10.

Table 10 — Number of muscles recordings in each sampling frequency

3Hz 24 HZ
Right ADM Left ADM Right TA Left TA Right ADM Left ADM
Gender 299143 109678 299124
Age 56.6 + 15.1 53.8+17.2 57.3+12.5
Muscles 43 43 16 16 41 41

Age values are mean and SD; ADM — Abductor digiti minimi; TA — Tibialis anterior. Note: Adapted from Castro et al.
(2023a), with permission.

Latency measurements

ICC values for the onset latency (proposed algorithm and both operators), were
calculated for the ADM muscles, considering all recordings done in both sampling
frequencies. For both 3 Hz and 24 Hz, the ICC value was 0.998 (p < 0.001).
Concordance between the ADM measurements of the Algorithm against both

operators, for the two frequencies, can be seen in Figure 26.

Bland-Altman plots were constructed in order to further evaluate the agreement
in measurements. We compared measurements from one operator (JC) against the
other operator (IdC) and against the Algorithm for both frequencies Figure 27. The
limits of agreement were very similar for both comparisons JC vs IdeC 82.9 ms and

JC vs Algorithm 88.4 ms for 24 Hz and JC vs IdeC 63.9 ms and JC vs Algorithm 83.5
ms for 3 Hz.
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Figure 26 — Comparison of latency measurements in both sampling frequencies between one

operator (JC) and the other operator (IdeC) and the proposed algorithm

Algorithm ADM 3 Hz
Algorithm ADM 3 Hz

w00 Ty 19000 ey 0508
JC ADM 3 Hz IdeC ADM 3 Hz

Algorithm ADM 24 Hz
Algorithm ADM 24 Hz

JC ADM 24 Hz IdeC ADM 24 Hz

ADM — Abductor digiti minimi; Note: Adapted from Castro et al. (2023a), with permission.

Figure 27 — Bland-Altman plots of the difference in latency as marked by the custom algorithm

vs one operator (JC) as well as one operator (JC) vs other operator (IdeC), for both sampling
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Adapted from Castro et al. (2023a), with permission.
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Mirror muscle

Amplitude measurements

Given the similar results in latency measurements between both frequencies
analyzed, amplitude measurements were evaluated in 3 Hz signals. For each subject,
the amplitude considered was the average of the three recordings. The amount of
EMG mirror signal for each muscle as a percentage of the full contraction signal is

displayed in Table 11.

Table 11 — Amount of mirror activity for each muscle

Mirror activity

Mirror EMG Logarithmic scale After exponentiation
(%) (%) (%)
Right ADM 6.4 0.83 +0.31 6.8+2.0
3.0-10.2 (0.09-1.19) (1.7 - 27.4)
2.6 0.64 +0.28 44+19
Left ADM 1.6 -5.0% (0.22 - 1.44) (1.2-15.4)
Right TA 21 0.49+0.29 3.1+£19
0.8-4.0 (-0.08 - 1.06) (0.8-10.4)
0.8 0.26 £ 0.12 1.8+1.3
Left TA
© 05-1.2 (0.02 - 0.50) (1.1-2.1)

Median and IQR of the amount of mirror activity; Mean + standard deviation and 95% limits of normality for both the
transformed (Logarithmic scale) and the exponentiated variables (all values are in % of the amount of EMG from the active

muscle); ADM — Abductor digiti minimi; TA — Tibialis anterior. Note: Adapted from Castro et al. (2023a), with permission.

There was no difference in amplitude of the mirror activity between genders. A
Spearman's rank-order correlation was run to assess the relationship between age
and the amount of mirror activity. Preliminary analysis showed that all relationships
were monotonic, as assessed by visual inspection of a scatterplot. There was a
statistically significant, moderate positive correlation between age and mirror activity
in the ADM (rs(86) = 0.300, p = 0.005) and in the TA(rs(32) =0.475, p =0.006) muscles
(Figure 28). Regarding differences between sides, there was significantly more mirror
activity in the right muscles (when the left muscle was active). Differences between
mirror activity, regarding the active side, were assessed with the Mann-Whitney U test.
In the upper limbs, median mirror activity in the right ADM (6.4%) was significantly
higher than in the left ADM (2.6%), U = 577, z = -3.002, p = 0.003. In the lower limbs,
median mirror activity in the right TA (2.1%) was significantly higher than in the left TA
(0.8%), U =64.5,z=-2.399, p=0.016 (Figure 29).
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Figure 28 - Scatterplots of age and mirror activity in the studied muscles

9
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ADM Amplitude (%)
N
TAAmplitude (%)
.

Values are represented as a percentage of the amount of EMG signal of the active muscle; ADM — Abductor digiti
minimi; TA — Tibialis anterior; Trend lines were generated using loess modeling (90% of points fit, Epanechnikov kernel). Note:

Adapted from Castro et al. (2023a), with permission.

Given the non-normality of the amount of mirror signal distribution, we
performed a logarithmic transformation of the data, for the calculation of normative
data. We chose a log10 transformation for this purpose. Given the small amount of
mirror EMG signal in some subjects, we opted for a log(x+1), to avoid the approach to
negative infinity as x approached 0. The resulting variables were approximately

normally distributed (Shapiro-Wilk test p > 0.01, Skewness and Kurtosis < 1).

Normative data was calculated as Mean + 1.96SD in the transformed data.
Values in logarithmic scale and after exponentiation are presented in Table 11. The
upper limit of normality for mirror EMG signal in our group was 27.4% for right ADM,
15.4% for left ADM, 10.4% for right TA and 2.1% for left TA.

Figure 29 - Boxplot of the amount of mirror activity per muscle and side
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Values are represented as a percentage of the amount of EMG signal of the active muscle; ADM — Abductor digiti
minimi; TA — Tibialis anterior. Note: Adapted from Castro et al. (2023a), with permission.
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6.4. Study IV

Forty-two ALS patients, 14 women (33%), with a median age of 59.5 years (IQR
52.0-71.0), and a median disease duration of 13.5 months (IQR 8.0-24-0), were
studied. The median ALSFRS-R at the time of the assessment was 44.0 (IQR 40.0-
45.0). Forty patients were right-handed, as assessed by the Edinburgh Handedness

Inventory (Oldfield, 1971), 1 patient was left-handed and 1 was ambidextrous. These

patients were early affected patients consecutively recruited in our Unit.
Mirror activity

Measurements of mirror activity were obtained from 72 ADM and 56 TA muscles
(Table 12), after excluding results from cervical or lumbo-sacral segments in which at

least one muscle was weak (MRC <4, see methods).

Table 12 — Amount of mirror activity in ALS subjects, and percentage of muscles with abnormal

mirror activity considering previously published normative values

N M(j;rl::)-r()af(f:t\i/\;ilt:e(:f) LS aAthiSvity (%) amlgsrﬁ:: nv:ii:?or
activity
Right ADM 36 27.4 6,61_1'118,9 (8:;0)
Left ADM 36 15.4 4_21? '222_6 (3;2%)
Right TA 28 104 26 7—.28.3 (4233/‘:)
Left TA 28 2.1 T 51'720_1 (611;)

ADM — Abductor digiti minimi; TA — Tibialis anterior; Mirror activity is expressed as a percentage of the EMG signal of

the active muscle (see Methods); *Cut-off values published previously (Castro et al., 2023a); Values are median and IQR.

There were no significant differences in the amount of mirror activity between
genders. There was also no significant correlation between mirror activity and age,
disease duration, UMN score and ALSFRS-R, as assessed by the Spearman rank-

order correlation (p > 0.05 for all correlations).

When compared with the data obtained from our healthy subjects group (Castro

et al., 2023a), the ALS population had a significantly stronger mirror activity in all 4

muscles (Figure 30). Moreover, there was an abnormal amount of mirror activity in 3
right ADM (8%), 12 left ADM (33%), 13 right TA (46%) and 17 left TA (61%). There
were no significant inter-side differences: right ADM (11.1%) vs left ADM (10.2%), U =
618, z =-0.338, p = 0.735; right TA (7.9%) vs left TA (5.7%), U = 347, z=-0.737, p =
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0.461. Given the absence of inter-side differences, subsequent analyses were

performed with 2 sets of muscles (ADM and TA), disregarding side.

Figure 30 — Comparison of mirror activity between ALS subjects and healthy controls for each

studied muscle

Mean +-2 SE Mirror Activity Right ADM

Mean +-2 SE Mirror Activity Left ADM
*
*

Mean +-2 SE Mior Activy Right TA
*
Mean +2 SE Mirror Activity Left TA

Bars represent mean + 2 standard error of mean. ADM — Abductor digiti minimi; TA — Tibialis anterior; Mann-W hitney U

test was used for group comparisons: * - p = 0.003; ** - p < 0.001.

Cognitive data

In a subgroup of 21 ALS patients (14 male; mean age 62.32 + 11.68 years)
neuropsychological status was measured with the ECAS battery (mean disease
duration at evaluation 29.57 £ 20.90 months). The subjects’ ECAS total score ranged
between 21 and 128 with a median of 88 (IQR 64-116), while the median ALS-Specific
score (executive functions and social cognition; fluency; language) was 60 (IQR 41—
85). In this group of patients, 57.1% were found to have cognitive impairment on the

ECAS total score and 61.9% on ALS-specific score.

When comparing the amount of mirror activity between subjects with or without
cognitive impairment (ECAS ALS-specific score and ECAS total score), we found no

significant differences in both muscles.
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Transcranial magnetic stimulation

Conventional TMS was performed in all subjects. Values for RMT, amplitude
and CMCT are displayed in Table 13. A reproducible motor evoked response was
absentin 7 ADM and 15 TA of the assessed muscles. Abnormal TMS responses were
found in 68% of ADM and 52% of TA muscles.

Table 13 — Transcranial magnetic stimulation and Ipsilateral Silent Period values for ALS

subjects
RMT MEP’Cg'a’:‘i'; R cmcT iSP Onset Latency iSP Duration
) ) (ms) (ms) (ms)
O 52 0.12 8.8 422 40.4
50-60 0.07-0.22 7.8-9.9 30.3-48.5 27.8-48.5
A 75 0.12 14.6
63-85 0.08-0.22 13.3-17.7

ADM — Abductor digiti minimi; TA — Tibialis anterior; RMT — resting motor threshold; MEP — Motor evoked potential;
CMCT - central motor conduction time; iSP — ipsilateral silent period; mV — millivolts; ms — milliseconds; TMS normative cut-off
values: MEP/CMAP Ampl. ratio < 0.05, CMCT > 8 ms for ADM and 16 ms for TA (de Carvalho et al., 2003); iSP normative cut-off

values: Onset latency > 48.8, Duration < 12.4 ms or > 61.8 ms; values are median and IQR.

We compared the amount of mirror activity from limbs with normal and
abnormal TMS results, and with our normative data from healthy subjects investigated
with the same method (Castro et al., 2023a) (Figure 31). The Kruskal-Wallis H test
showed significant differences between the 3 groups, both in ADM (x2(2) = 43.606, p
< 0.001) and in TA (x2(2) = 39.162, p < 0.001). Subsequent pairwise comparisons
(Table 14) disclosed significant differences between all groups, both in ADM and TA

muscles. Patients with normal TMS results had more mirror activity than healthy
subjects, while patients with abnormal TMS results had more mirror activity than

patients with normal TMS results.
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Figure 31 — Comparison of mirror activity between limbs with vs without transcranial magnetic

stimulation changes
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ADM - Abductor digiti minimi; TA — Tibialis anterior; TMS — Transcranial magnetic stimulation; Bars represent mean +

2 standard error of mean; Pairwise group comparisons are shown in Table 14.

Table 14 — Comparison of mirror activity between groups according to transcranial magnetic

results (pairwise comparisons using Dunn’s procedure)

3.6 54 12.1
ADM 2.0-7.7 3.3-12.3 7.6-23.2 0.034 0.003 0.005
1.0 2.0 12.0
0.01 0.002 0.002
ke 0.5-2.0 1.0-5.0 7.7-21.4

ADM — Abductor digiti minimi; TA — Tibialis anterior; TMS — Transcranial magnetic stimulation; ms — milliseconds; Mirror
activity is expressed as a percentage of the EMG signal of the active muscle (see Methods); Values are median and IQR; p

values shown are adjusted values using the Benjamini-Hochberg procedure (FDR 5%).

Ipsilateral Silent Period

iISPs were studied in 70 ADM muscles. Values of onset latency and duration are
shown in_Table 13. A reproducible iSP was absent in 18 (26%) of the assessed ADM
muscles. Considering our normative values, abnormal iSPs were found in 36 (51.4%)

ADM muscles (absent iSP was considered an abnormal result).
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Figure 32 — Comparison of mirror activity between upper limbs with vs without abnormalities
on the ipsilateral silent period
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ADM — Abductor digiti minimi; iSP — Ipsilateral silent period; Bars represent mean + 2 standard error of mean; Pairwise
group comparisons are shown in Table 15.

We categorized muscles into 2 groups according to the presence or absence
of iISP abnormalities. We compared the amount of mirror activity from muscles with
normal and abnormal iSP values, and with data from our healthy subjects group
(Figure 32). The Kruskal-Wallis H test showed significant differences between the 3
groups (x2(2) = 35.577, p < 0.001). Subsequent pairwise comparisons disclosed
significant differences between groups, as shown in Table 15.

Table 15 — Comparison of mirror activity between groups according to ipsilateral silent period
results (pairwise comparisons using Dunn’s procedure)

3.6 6.9 14.3
2.0-7.7 3.4-11.5 8.2-22.2

ADM 0.008 0.003 0.009

ADM - Abductor digiti minimi; TA — Tibialis anterior; iSP — ipsilateral silent period; Mirror activity is expressed as a
percentage of the EMG signal of the active muscle (see Methods); values are median and IQR; p values shown are adjusted
values using the Benjamini-Hochberg procedure (FDR 5%).
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Patients with normal iSP values had more mirror activity than healthy subjects,
while patients with abnormal iSP values had more mirror activity than patients with

normal iSP values.

Figure 33 displays an illustrative example of an absent and a normal iSP, with

the mirror activity of the corresponding ADM muscle.

Figure 33 — lllustrative example of absent and normal ipsilateral silent period, with the

corresponding mirror activity
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A — ALS subject with absent ipsilateral silent period (iSP) (top trace) on the right Abductor digiti minimi (ADM),
contraction of the left (active) ADM (middle trace), and clear mirror activity on the right (mirror) ADM (bottom trace). B — ALS
subject with normal iSP (top trace) on the right ADM, contraction of the left (active) ADM (middle trace), and less mirror activity

on the right (mirror) ADM (bottom trace).
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6.5. StudyV

Fifteen ALS patients, 3 women (median age 57.0, IQR 45.0-62.0) and ten
healthy controls, 5 women (median age 57.0, IQR 51.0-66.0), were included in the
study. Median disease duration was 15 months (IQR 7.0-19.0). Patients were,
generally, in a good overall status (median ALFRS-R 44, IQR 40-46). Median clinical
UMN score in the lower limbs was 6 (IQR 3.0-8.0). Table 16 details the clinical
characteristics of ALS patients. There were no statistically significant differences

regarding gender (p = 0.115) or age (p = 0.536) between groups.

Table 16 — Clinical features of ALS patients

Gender Age Site of onset Disease duration ALSFRS-R UMN score LL
1 Male 52 Upper limb 15 47 2
2 Male 69 Thoracic 2 48 6
3 Female 71 Upper limb 19 39 7
4 Male 72 Bulbar 9 44 5
5 Female 58 Bulbar 65 40 10
6 Male 43 Upper limb 6 39 9
7 Male 61 Upper limb 15 43 2
8 Male 37 Upper limb 18 44 2
9 Female 62 Upper limb 7 38 8
10 Male 57 Bulbar 6 43 6
11 Male 30 Lower limb 16 44 3
12 Male 45 Lower limb 17 46 10
13 Male 58 Bulbar 88 45 4
14 Male 57 Lower limb 12 43
15 Male 51 Upper limb 34 46

H reflex

A reproducible soleus H reflex was obtained in all subjects. Measured body
heights were statistically similar between patients and controls. Values from standard

H reflex and conditioning paradigms are shown in Table 17.

Mmax (8.0 mV vs 9.3 mV, in patients and controls respectively, p = 0.40), Hmax
(4.0 mV vs 3.6 mV, in patients and controls respectively, p = 0.89) and H-reflex
latency (33.7 ms vs 30.9 ms, in patients and controls respectively, p = 0.55) were
similar between ALS subjects and controls. Hmax/Mmax was also not significantly

different in ALS patients (0.44 vs 0.40, in patients and controls respectively, p =
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0.43). Taken together, these findings suggest that the patients included did not have

a significant loss of functioning, recruitable LMNs.

Table 17 — Values from H reflex and conditioning paradigms in ALS and healthy subjects

H Latency Hmax Mmax Hmax/Mmax H'ri H'pre H’post
(ms) (mV) (mV) ratio (H'/H) (% Mmax) (% Mmax)
ALS 33.7 4.0 8.0 0.44 0.35 1.0 0.0
(29.6 - 34.9) (2.6 -5.1) (5.0 - 11.9) (0.40 - 0.54) (0.14 - 0.51) (-1.0- 3.0) (-2.0-3.0)
Controls 30.9 3.6 9.3 0.40 0.11 5.0 25
(28.4 - 32.0) (3.0 - 4.6) (7.1 - 10.0) (0.33 - 0.30) (0.11 - 0.18) (4.0-80 (1.0 - 5.0)

ALS — Amyotrophic lateral sclerosis; ms — milliseconds; mV — millivolts; H'Rl — amount of recurrent inhibition (H’/Hmax);

_ Hppax—H!

H’rre — amount of presynaptic inhibition of la terminals H'p,, = " % 100; H’pos — amount of inhibition after cutaneous

Max

stimulation H'pes = == 100. *- p = 0.036; ** - p = 0.001; *** - p = 0.031;
Conditioning paradigms

Contrary to the H/M ratio, H'r (ratio H’/H) was significantly increased in ALS
subjects, when compared to healthy subjects (0.35 vs 0.11; U = 37.5; z = -2.085; p =
0.036), indicating a decrease in the strength of recurrent inhibition in these patients.
None of the 3 patients who had an H’r lower than the median of the control group had

UMN signs in the tested lower limb.

Regarding the paradigm used for assessing presynaptic inhibition of la
terminals, there was a significant decrease in H’pre in ALS patients when compared to
healthy subjects (1.0 vs 5.0; U = 19.0; z = -3.120; p = 0.001), denoting less effective
presynaptic inhibition. As noted for H'ri, only two ALS patients had H’pre higher than

the median of the control group, and neither of them had UMN signs in the lower limbs.

As for the paradigm of inhibition after cutaneous stimulation, ALS patients also
had a significant decrease in H’ros when compared to healthy subjects (0.0 vs 2.5; U
=36.0; z=-2.176; p = 0.031), also denoting less inhibition. In this paradigm, 4 patients
had higher H'pos values than the median of the control group, but only two had no UMN
signs in the studied limb. Of the remaining two, both had increased deep tendon
reflexes (knee and ankle), and one also presented with increased muscle tone (scored

2 in the modified Aswhorth scale).

Figure 34 displays the results for all conditioning paradigms.
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Figure 34 — Results from H reflex conditioning paradigms

Recurrent Inhibition Presynaptic Inhibition Postsynaptic Inhibition
(H'H) (% M) (% Mpay)

0.6 10 10

*

= A -

I I
ALS Controls

I 1
ALS Controls ALS Controls

ALS — Amyotrophic Lateral Sclerosis; ms — milliseconds; filled bars represent median; error bars represent 1t or 3

quartile as appropriate. * - denotes a significant difference between groups (see text).

Influence of UMN dysfunction on H reflex conditioning paradigms

To evaluate the impact of upper motor neuron dysfunction on H-reflex inhibition,
distinct regression analyses were conducted, each focusing on a specific condition

paradigm. Models were run with dependent variables H'ri, H'pre and H'pos (Table 18).

Changes in H'ri, and H’pre Were closely related to changes in the UMN score
(Figure 35). The UMN score was a significant predictor of both H’r (8 = 0.648; p =
0.010) and H’pre (B = -0.850; p < 0.001). Age and disease duration were not related to
the dependent variables in any of the models. An increase in the UMN score is
associated with an increase in H'ri and a decrease in H’pre, meaning lower inhibition.
Interestingly, changes in H’post were not related to changes in the UMN score (B8 = -
0.131; p =0.661).
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Inhibitory Circuitry in Motor Neuron Disease:

H'ri

H'pre

H’PDS

Table 18 — Regression models for the different conditioning paradigms of the H reflex,

incorporating upper motor neuron score, age and disease duration

UMNs 0.648 3.094 0.010
Age -0.356 -1.700 0.117
Disease -0.267 -1.286 0.225
duration
UMNs -0.850 -5.930 <0.001
Age -0.012 -0.087 0.932
Disease
i 0.289 2.037 0.066
UMNSs -0.131 -0.450 0.661
Age -0.227 -0.780 0.452
Disease -0.107 -0.371 0.718
duration

0.401

0.720

-0.157

4.127

12.988

0.366

0.035

<0.001

0.779

Regression models for H'RI, and H’Pre were significant, with satisfactory ‘goodness of fit'. Multicollinearity was excluded
in all models (VIF < 1.5 for all independent variables).

Figure 35 — Scatterplots of the amount of recurrent inhibition and presynaptic inhibition with

the upper motor neuron score from the lower limbs

1000

UMNS_LL — upper motor neuron score from the lower limbs; H’'RI — amount of recurrent inhibition; H’Pre — amount of

presynaptic inhibition; Note: Trend lines generated using loess modelling (99% of points fit, Epanechnikov kernel). Spearman’s

rank-order correlation for each pair of variables is H'ri (rs(15) = 0.641, p = 0.010) and H’pre (rs(15) = -0.853, p < 0.001).
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7. Discussion

7.1. Cutaneous silent period

Two studies have been conducted assessing the CutSP in ALS patients (Castro
etal., 2021, 2023b). The onset latency of the CutSP, both in the upper and lower limbs

was consistently increased in patients, when compared to healthy controls. No

changes in CutSP duration were apparent. These finding are consistent with previous

reports in the literature in ALS subjects (Gilio et al., 2008, Kim and Kwak, 2010, Cengiz

et al., 2018) for the upper limbs. To best of our knowledge, this was the first report of

CutSP in the lower limbs of ALS patients. Additionally, the amount of EMG suppression
was also decreased in muscles with marked UMN signs. In both studies, changes in
CutSP were significantly linked with the amount of UMN signs, suggesting that an

interplay between UMN dysfunction and spinal mechanisms is present in ALS.

In the first study (Castro et al., 2021), patients were classified according to
clinical involvement of UMN: ALS without spasticity; PMA; PLS plus ALS with

predominant spasticity. The CSP onset latency was significantly increased in all

groups (Figure 22). This was also evident even in the PMA patients, supporting a
subclinical UMN lesion, as demonstrated in neuropathological studies of PMA (Ince et

al., 2003). The amount of suppression of the EMG signal during CutSP is decreased

in patients with spasticity, indicating that marked UMN dysfunction can not only slow
but also reduce the amount of inhibition in CutSP. Interestingly, during co-contraction
of the contralateral ADM, onset CutSP latencies decreased in patients without UMN
signs, particularly in the PMA group, a finding not seen in healthy controls. With this
paradigm, only the PLS + UMN-ALS group had an increased onset latency when
compared to healthy controls (p = 0.004) and in this group of patients the amount of

EMG suppression tended to decrease.

In the second study (Castro et al., 2023b), we classified limbs regarding the

presence or absence of UMN signs. CutSP was significantly increased in limbs with
UMN signs when compared to controls. In limbs without UMN signs median onset
latencies were higher than in healthy controls, although the difference did not reach
statistical significance. The same results were observed when limbs were categorized

as normal or abnormal regarding TMS results, i.e., CutSP onset latency was
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significantly increased in limbs with abnormal TMS results. Again, as with the results
of limbs without UMN signs, in limbs with normal TMS results median onset latencies
were higher than in healthy controls, although the not significantly. Interestingly, the
differences in TMS variables between limbs with and without UMN signs were not
significant. Furthermore, in the binomial logistic regression model, CutSP onset
latency and duration were strong predictors of clinical signs of UMN lesion in upper
limbs in ALS. For the lower limbs this binomial logistic regression disclosed a trend for
a reduced EMG suppression to predict clinical UMN signs. Indeed, in 7 TA muscles
EMG suppression was so slight that CutSP was considered absent (methods). The
results from the lower limbs are, however, influenced by the smaller number of eligible
TA muscles with CutSP response (29 muscles). Interestingly, neither TMS parameters

nor TMS classification as normal vs abnormal, were predictors of clinical UMN signs.

Taken together, the findings of both studies clearly demonstrate that changes
in CutSP are present in ALS patients and are more significant with increasing UMN
dysfunction. TMS tests the function of the strong corticomotoneuronal connections

(Porter, 1985), which are critical to rapid discrete digital movements. However, the

UMN syndrome in ALS is physiologically complex (Swash, 2012), affecting the central

nervous system beyond the classical “corticospinal” syndrome (Swash et al., 2020).

The direct pathway between Betz cells and the spinal motor neurons represents less

than 5% of the corticospinal tract (Brodal, 1981), while other projections forming the

propriospinal motor system (Pierrot-Deseilligny, 2002) are crucial to the modulation of

other inputs (vestibular, cerebellar, sensory) to the spinal command motor systems

(Swash et al., 2020). This limits the role of conventional TMS in the assessment of

UMN signs in ALS. Thus, although changes in UMN function can have unexpected
clinical impact on motor function, spinal segmental changes, probably linked to
disfunction of inhibitory interneurons, can be assessed with CutSP studies. Another
interesting finding that merits further discussion is the observation that a contralateral
contraction during CutSP measurements decreases abnormal onset latencies in
patients without clinical UMN signs. One possible explanation for this is that in this
group of patients, with minor dysfunction of the UMN, the activation of the motor cortex
of the ipsilateral test hand increases the descending motor output from the
contralateral motor cortex, creating a compensatory mechanism at the spinal level.

Since this effect is not present in healthy subjects, a reduced transcallosal inhibition in
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ALS patients, an early finding in ALS (Karandreas et al., 2007, Hubers et al., 2021a,

van den Bos et al., 2021), could account for this phenomenon.

A possible effect of partial denervation of the muscles studied, due to anterior
horn cell degeneration, a characteristic feature of ALS, needs consideration. We
observed abnormalities in the CutSP even when there were no clinical or TMS UMN
abnormalities. This is consistent with the neuropathological observations in PMA (Ince
et al., 2003)], in which degeneration of the corticospinal tract was found in the absence
of any clinically detectable dysfunction. The physiological disturbances underlying the
classical features of the UMN syndrome are complex and include the effects of
propriospinal pathway damage (Kuypers, 1973). Not all need be present in any
individual with the UMN syndrome (Swash, 2012, Swash et al., 2020). The CutSP is

particularly sensitive to segmental spinal damage. It is therefore likely, as suggested

by Pierrot-Deseilligny (2002), that this technique can be used to detect specific

aspects of abnormality in fragments of descending motor pathways in ALS syndromes.

From a physiological point of view is interesting to note that contralateral muscle
contraction does not change CSP parameters in healthy controls. Another group has
shown that contralateral upper limb contraction caused absent H-reflex response in
the tested hand in a group of subjects, while increasing the motor response on TMS,
but not affecting motor responses evoked by electromagnetic electrical

cervicomedullary stimulation between the mastoid processes (Hortobagyi et al., 2003).

All together, these changes indicate that contralateral muscle contraction at the same
segmental level caused robust presynaptic inhibition of la afferents resulting from

descending activity (Hortobagyi et al., 2003) but since the CSP is unchanged by

contralateral contraction, post-synaptic inhibition is the most probable mechanism for

this reflex.
7.2. Mirror movements

Adequate control of lateralization of voluntary movements is typical from
individuals with a mature, healthy motor system. During intended unimanual
movements, young children, and adults with neurological diseases, display visible
involuntary movements that mirror the intended ones. However, even healthy adults

display some MM that is, most of the time, of so low amplitude that is not clinically
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visible. With that in mind, and with the purpose of objectively quantifying MA, we
developed a mathematical algorithm to analyze the EMG signal from a given muscle,

bilaterally (Castro et al., 2023a) and calculating MA as a percentage of the amount of

EMG signal of the active muscle.

We analysed EMG signal from 57 healthy subjects, specifically studying MA
during an isometric full force contraction. We evaluated MA in upper limbs (ADM) and
lower limbs (TA). The performance of the algorithm regarding latency was excellent,
with very high ICC values between automated and manual measurements. The
analysis of the Bland-Altman plots showed that the 95% limits of agreement between
the algorithm and an experienced human operator were very similar. The performance
of the algorithm was similar for both sampling frequencies tested. Despite an excellent
performance in ignoring cases where there was incomplete relaxation or spontaneous
muscle activity, e.g., fasciculations, there were a small number of issues with latency
markings, particularly when the beginning of the contraction was not very well defined.
There were significant positive correlations with age, as expected, since it has been

suggested that this mirror phenomenon may reappear in older adults (Bodwell et al.,

2003). When comparing sides, we found that when the left muscles were active, the
amount of mirror activity was significantly greater. Given that all our selected subjects
were right-handed, our findings are in accordance with what has been already

reported, supporting a higher dominant-to-non dominant hemispheric inhibition

(Armatas et al., 1994, 1996). This side-to-side difference in MA can originate in an

asymmetry in callosal interconnectivity (Armatas et al., 1996), a possible result of

hemisphere specialization (Aboitiz et al., 1992). These results extend these findings,

demonstrating that there is higher dominant-to-non dominant hemispheric inhibition
also in the lower limbs. Limits of normality are also proposed as follows: 27.4% for the
right ADM, 15.4% for the left ADM, 10.4% for the right TA and 2.1% for the left TA.
After the development of this algorithm, we proceeded to analyze MA in ALS.
We studied a group of 42 ALS patients in a high functional status (median ALSFRS-R
— 44), with normal CMAP amplitudes and MRC 2= 4 in the assessed muscles. To the
best of our knowledge, this is the first attempt to quantify EMG signal in MM in ALS
patients. We found significantly increased mirror activity in ALS subjects in both upper
and lower limbs, in line with what has previously been reported (Krampfl et al., 2003,
Krampfl et al., 2004, Wittstock et al., 2007, Meister et al., 2011, Wittstock et al., 2011,
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Wittstock et al., 2020, Hubers et al., 2021a, Hubers et al., 2021b). Subsequent

analysis showed that MA was significantly increased in both upper and lower limbs of

ALS patients with abnormal TMS results, but also in upper limbs with abnormal iSP,
as compared with patients with normal results. However, even in muscles from ALS
patients with normal TMS and iSP values, MA was also significantly increased when
compared to controls. Interestingly, contrary to our previous findings in healthy

subjects (Castro et al., 2023a) and to what has also been reported using clinical

assessment (Armatas et al., 1994, 1996), we did not find differences in mirror activity

between sides in ALS subjects.

Our results support early inhibitory transcallosal pathway dysfunction in ALS

patients (Karandreas et al., 2007, Filippini et al., 2010, Castro et al., 2021, Hubers et

al., 2021b, van den Bos et al., 2021). This dysfunction favors mirror phenomenon

(Cernacek, 1961, Hubers et al., 2021a), and is associated with abnormal iSPs, since

iISPs reflect the function of inhibitory pathways between both cortices, that pass

through the posterior corpus callosum (Meyer et al., 1998, Hupfeld et al., 2020).

Moreover, our findings are consistent with the concept that transcortical inhibition is
associated with cortical motoneuronal loss, since TMS changes are related to stronger
MM. Our earlier studies investigating the silent period after cutaneous stimulation have
indicated that delayed onset-latency is associated with clinical and TMS signs of UMN

lesion (Castro et al., 2021, 2023b). In addition, in patients without clinical signs of UMN

lesion, preserved transcallosal inhibition causes onset-latency shortening by ipsilateral

cortical activation (Castro et al., 2021). These neurophysiological findings are

consistent in associating dysfunction of transcallosal inhibition with UMN loss, in ALS.

Imaging and TMS studies have suggested that, in ALS, there is an early
impairment of callosal pathways, in addition to the involvement of the primary motor

cortex (Caiazzo et al., 2014, van den Bos et al., 2021). Recent studies observing

clinical signs of MM have shown that functional deficits precede structural changes of

the corpus callosum (Wittstock et al., 2020, Hubers et al., 2021a). The present work

strengthens the possibility that MM may be a simple early marker of callosal
dysfunction. Additionally, the increase in mirror activity in ALS patients precedes
changes in corticospinal tract function, as assessed by TMS, possibly suggesting early
UMN lesion.
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7.3. Segmental motoneuron dysfunction

Segmental motoneuron dysfunction was investigated in a group of 15 ALS
subjects, using different conditioning paradigms of the H reflex. All patients were in a
high functional status (median ALSFRS-R — 44, maximum 48), with little involvement
of LMN in the lower limbs (TA strength = 4+ MRC, no significant difference in soleus

Mmax from controls).

Although it has been argued that H reflex studies should be performed during

a sustained voluntary contraction of the target muscle (Knikou, 2008), we chose to do

all our experiments at rest. It would be very difficult to maintain a stable and
reproducible contraction in different subjects, and changes in motoneuron pool
excitability brought about by differences in voluntary activation would impede an

adequate interpretation of the findings.

Values from standard H reflex studies were similar between ALS patients and
healthy controls, in particular the Hmax’/Mmax ratio, in line with results reported in the

literature (Raynor and Shefner, 1994, Simon et al., 2015). It has been suggested that

this paradox could reflect a preferential loss of large, rapidly conducting axons in LMN

of ALS patients (Simon et al., 2015). Our findings not only strengthen this explanation,

but also suggest, given that even in patients with minimal affection of LMN the
Hmax/Mmax ratio is normal, that the dynamics of the H reflex could be altered very early

in the disease course.
Recurrent inhibition

Recurrent inhibition is a negative feedback mechanism, important in
movement control, locally mediated by the activity of Renshaw cells. Changes in

homonymous (Raynor and Shefner, 1994, Ozyurt et al., 2020) and heteronymous

(Sangari et al., 2022) recurrent inhibition have been reported in ALS. We also found

a significant decrease in the strength of recurrent inhibition in ALS patients when
compared to healthy controls, using the paired H reflex technique. The
supramaximal stimulus (S2) would not, by itself generate an H reflex, due to the
known collision phenomenon. However, the descending volley generated by the
conditioning stimulus (S1), will collide with the ascending volley from S2, and leave

those alpha motoneurons unimpeded to generate an H reflex. The conditioned H
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response (H’) could, at most, be of the same amplitude as the H response generated
by S1 (H1). Given that S2 is a supramaximal stimulus that depolarizes all la
afferents, one would expect that this should always be the case. Since the H’ is,
most of the time, of smaller amplitude than the unconditioned one, this reflects the
activity of the activated Renshaw cells by S1, inhibiting the alpha motoneuron from

firing.

There is some debate regarding the intensity of S1 that should be used in this

paradigm (Mazzocchio and Rossi, 1996) We chose to use a fixed intensity that

reliably evoked an Hmax, for two reasons. First, there is a linear increase of recurrent

inhibition with increasing conditioning reflex size (Hultborn et al., 1979), and as

suggested by Mazzocchio and Rossi (1989), this level of intensity is probably when

there are more Renshaw cells active, and thus more recurrent inhibition. Second,

despite H’ being maximal at lower intensities of S1 (Pierrot-Deseilligny and Bussel,

1975), it is generally accepted that motoneuron recruitment in the H reflex response

follows the size principle (Buchthal and Schmalbruch, 1970, Simon et al., 2015),

from which one can surmise that different motoneurons are recruited if different

stimuli are employed.

In homonymous recurrent inhibition, post-spike after-hyperpolarization can

have some influence on the amplitude of H' (Bussel and Pierrot-Deseilligny, 1977,

Rossi and Mazzocchio, 1991). However, it has been demonstrated that the amplitude

of H’ decreases with the increase of H1, which can only be explained by the recurrent
inhibition brought by the conditioning stimulus, and that changes in H’ only depend on

changes of H1 magnitude (Bussel and Pierrot-Deseilligny, 1977, Rossi and

Mazzocchio, 1991, Pierrot-Deseilligny and Burke, 2012). It is also unlikely that group

Ib inhibition could account for the results found, since this type of inhibition should
have subsided at interstimulus intervals longer than 9 ms (Pierrot-Deseilligny and
Burke, 2012).

We found a significant relationship between the amount of recurrent inhibition
(H’ri) and the degree of UMN involvement in the lower limbs. The amount of H’rj was
correlated (Figure 35) and highly predicted by the UMN LL score, suggesting that that
these signs are linked with changes in recurrent inhibition. It has been shown that the

activity of Renshaw cells can be depressed by activation of corticospinal fibers with a
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single pulse of TMS, probably mediated through an oligosynaptic interneuronal chain
(Mazzocchio et al., 1994).

Presynaptic inhibition of la terminals

Presynaptic inhibition of la terminals is mediated by a last order interneuron that
is GABA-ergic and acts on la afferents through primary afferent depolarization
(Rudomin _and Schmidt, 1999, Pierrot-Deseilligny and Burke, 2012). In ALS, it has

been suggested that presynaptic inhibition is reduced (Morin and Pierrot-Deseilligny,

1988, Howells et al., 2020). Our findings are concordant with this. In our group of

patients, presynaptic inhibition of la terminals is significantly decreased when
compared to controls (Figure 34). We used the protocol described by Mizuno et al.
(1971) for assessing the D1 inhibition. It has been shown that this process is maximal

at approximately 20 ms (Howells et al., 2020), and there is compelling evidence

attributing this phenomenon to a presynaptic process (lles, 1996, Aymard et al., 2000),

and not to postsynaptic or recurrent inhibition (Pierrot-Deseilligny and Burke, 2012).

We found a very strong relationship between the decrease in presynaptic
inhibition and involvement of the UMN. Similar to H'ri, the amount of H’rre was highly
correlated (Figure 35) and very strongly predicted by the UMN LL score, pointing to a

decrease in presynaptic inhibition linked to an increase in the UMN signs.
Inhibition after cutaneous stimulation

It has been demonstrated that stimulating the sural nerve (a purely cutaneous

nerve), leads to an ipsilateral inhibition of the soleus H reflex (Bathien and Hugon,

1964, Hugon, 1973, Delwaide et al., 1981). The spinal localization of this pathway is

likely given that, at the intervals between the conditioning and test stimuli used, the

cutaneous effect is likely spinal in origin (Burke et al., 1991). This has also been

demonstrated in complete spinal cord lesions in humans (Logigian et al., 1999).

Furthermore, Lourenco et al. (2007) suggested that stimulation of cutaneous afferents

activated inhibitory spinal interneurons in human upper limb, although the exact
pathway of this mechanism is not fully understood. However, an exteroceptive silent
period in the soleus EMG activity at the same moment in time as the H reflex inhibition

(Pierrot-Deseilligny et al., 1973), and a decrease in motor evoked potentials

amplitudes have been reported (Manconi et al., 1998). In fact, strong transient
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inhibition of alpha-motoneurons during active contraction is achieved after noxious
cutaneous stimulation, which has been termed the cutaneous silent period (Kofler et

al., 2019a). This reflex response is not modulated by simultaneous contralateral

contraction (Castro et al., 2021), which is known to cause robust presynaptic inhibition

of la afferents (Hortobagyi et al., 2003). Although presynaptic inhibition of la afferents

by the cutaneous fiber stimulation cannot be completely ruled out (Delwaide et al.,

1981), taking these considerations together, the localization of the inhibitory pathway
after cutaneous stimulation is likely postsynaptic. In our group of ALS patients the
inhibition of the H reflex after cutaneous stimulation is significantly less than in
controls; indeed, it was almost non-existent (Figure 34). However, contrary to what
has been demonstrated for the CutSP in ALS (Castro et al., 2021, 2023b), the

decrease of H’pes is not correlated with the extent of UMN signs.

UMN influence on H reflex conditioning paradigms

The amount of UMN involvement seems to be linked with some of the spinal
mechanisms tested in this work. This was observed for homonymous recurrent
inhibition and for presynaptic inhibition of la terminals but it was not the case for
inhibition after cutaneous stimulation. Regarding the latter finding, some
considerations are relevant. In ALS It has been demonstrated that changes in sensory
afferents are present, as shown by altered N9 potentials in somatosensory evoked

potentials (lglesias et al., 2015), while sensory-motor integration at the spinal level is

also impaired (Sangari et al., 2016). These findings could explain the decrease in the

cutaneous influence over the alpha motoneuron, and the lack of correlation with UMN
signs. However, one should also note that in our results, the amount of inhibition after
cutaneous stimulation in ALS patients was almost non-existent (median H’ros 0.0, IQR
-2 — 3). From a statistical point of view, it would be inappropriate to mathematically link
two variables when one of them is near zero. In that case, doubt arises regarding
whether or not there is a true correlation, or perhaps we are just not able to
demonstrate it. Whatever the reason, the lack of inhibition after cutaneous stimulation

seems clearly to be an abnormality in ALS.

In sporadic ALS, widespread loss of neurons in the ventral horn has been
described, with interneurons being affected to a similar extent and in parallel with

motor neurons (Stephens et al., 2006). It is thus unclear whether changes in spinal
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mechanisms in ALS/MND are due to direct damage of interneurons or to abnormal
control of those interneurons by other neurons. There is evidence that different

supraspinal pathways actively modulate Renshaw cells (Mazzocchio et al., 1994) and

presynaptic inhibitory interneurons (Hultborn et al., 1987), so it is possible that the

dysfunction of spinal mechanisms is due to a decrease in signals from supraspinal
structures to the interneurons. Nevertheless, supraspinal drives seem to suppress

both recurrent inhibition (Koehler et al., 1978) and presynaptic inhibition (Hultborn et

al., 1987). A loss of these drives would not decrease these inhibitory pathways.

There is growing evidence that ALS may involve an interneuronopathy (Turner

and Kiernan, 2012), which could also explain the loss of spinal inhibition of alpha

motoneurons. Inhibitory interneurons in the spinal cord use GABA and glycine as their

neurotransmitter (Jankowska, 1992, Rudomin and Schmidt, 1999). In the mouse

spinal cord, over 80% of V1 interneurons are glycinergic (Alvarez et al., 2005).

Recently, it has been proposed that spinal microcircuit imbalance brought about by the
initial loss of fast fatigable motoneurons, and consequent compensatory excitation of
alpha motoneurons by spinal premotor circuits, could even be one of the drivers of

initial disease progression in ALS (Brownstone and Lancelin, 2018). In fact, fast

fatigable motoneurons receive stronger inputs from the V1 inhibitory population than
other motoneurons, and are affected in presymptomatic models of SOD1 mice, before

motor neuron degeneration (Chang and Martin, 2009, 2011, Allodi et al., 2021).

Cavarsan et al. (2023), have also recently shown that glycinergic interneurons are

affected in the very early stages of disease, and that the ones most altered, where
located more ventrally (putative location of Renshaw cells) and the ones in lamina IX
(putative location of la interneurons). Interestingly, the postsynaptic inhibition after
cutaneous stimulation is also mediated by glycinergic synapses (Curtis et al., 1967,
Jankowska, 1992, Rudomin and Schmidt, 1999).

In ALS tendon reflexes are often brisk in muscles that are not weak, muscle

tone is very often normal (Verschueren et al., 2021), and the extensor Babinski

response, which is not a monosynaptic reflex, is frequently absent (Swash, 2012,

Swash et _al., 2020). These findings are often ascribed to the simultaneous

degeneration of LMNs. If a defect in spinal inhibition of alpha motoneurons is a

common feature of ALS, we would expect to see increased tendon reflexes in all
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patients, regardless of whether or not they have other UMN signs. If hyperreflexia
results from an interneuronopathy, affecting spinal inhibitory interneurons, then this
negates the notion that hyperactive tendon reflexes are a specific sign of corticospinal
tract damage. Indeed, our group of patients had only mild LMN involvement in the
lower limbs, as noted by normal Mmax amplitudes and normal or near normal strength
in leg muscles. As for UMN signs, only 2 had a positive Babinski sign, and 1 had

significant spasticity, while 12 (80%) had hyperreflexia.

Considering all these factors, we suggest that hyperreflexia in ALS could be an
abnormality that originates at the spinal pre-motoneuronal level, rather than being

primarily a corticospinal abnormality.
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7.4. Limitations

Regarding the studies included in this dissertation there are a number of

limitations that need to be pointed out.

In study I, we only assessed the CutSP in one muscle (ADM) in each patient.
However, the findings reported in this work were subsequently confirmed in study I,

and also in study V, reinforcing the notion that changes in CutSP are present in ALS.

In study I, the number of patients included (24) was not particularly large,
although with some clinical variability, which could have had some influence on the
results found. Some concern was raised regarding the use of the sural nerve, an S1
sensory nerve, to record the motor response from a muscle predominantly innervated
by the L5 myotome. However, this does not seem particularly problematic given that
the afferent volley reaching one spinal segment descends and ascends through

several spinal cord segments (Logigian et al., 1999).

In study Ill, the number of muscles analyzed, particularly TA, was not very large.
This hinders the definition of normal values per age group, which can be somewhat
problematic in a neurophysiological measure that is influenced by age. The use of the
normative values proposed in this work should only be applied to subjects within the
age range of healthy controls analyzed here. Although we did not use force
measurements of muscle contractions, care was taken to ensure that subjects
performed maximum contractions. Another limitation, inherent to the study design, is
that the algorithm was constructed to analyze EMG signal from a simple isometric full
force contraction. Despite that, we believe that with some simple adjustments, it can
be used to measure MA in more advanced kinematic paradigms for studying motor

overflow.

In study IV, the main limitation is that we did not include patients without clinical
UMN signs, particularly patients with PMA. Given that transcallosal dysfunction is
present in ALS (vide Mirror movements discussion section) possibly even in PMA

(Castro et al., 2021), it would be of interest to see if these patients had similar results.

In study V, the main limitation is the somewhat low number of subjects, patients
and controls, included. However, power calculations performed using the data

reported on recurrent inhibition (Raynor and Shefner, 1994) and on presynaptic

JOSE CASTRO



Inhibitory Circuitry in Motor Neuron Disease:
Changes in Spinal and Corticospinal Mechanisms in Amyotrophic Lateral Sclerosis and its Variants

inhibition (Howells et al., 2020), showed that the total number of subjects to be

included should vary between 20 and 28 (effect size 1.21 to 0.97; power 80%; a =
0.05).
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8. Conclusions

With the work developed in the context of this dissertation, it was shown that
the function of some inhibitory circuits, depending on inhibitory interneurons, are
altered in ALS patients, and that these changes are closely linked to UMN dysfunction.
Mathematical algorithms were developed for precise, objective, and reproducible
measurements of different neurophysiological techniques, such as the cutaneous

silent period or the quantification of mirror activity.

Regarding the clinical implications of the findings here reported and the
literature research done over the course of this thesis, some further reflections are

merited.

ALS is a neurodegenerative, devastating, and usually fatal disease, for which
no effective treatment currently exists. Since the initial descriptions by Charcot in the
19" century, a large amount of knowledge of the disease has been gained. Despite
several pathophysiological processes involved in ALS are currently known, there is no
agreement as to the site of origin of the characteristic neurodegeneration of this
disease. Several hypotheses have been put forward (Figure 36), with some authors
suggesting a “dying-forward” hypothesis, others suggest a “dying-back" hypothesis,
and some investigators propose that UMN and LMN occur independently (Kiernan et

al., 2011). There can be, however, a conciliatory hypothesis that has also been

suggested: a corticofugal synaptopathy, or “dying-outward” hypothesis (Baker, 2014).

A number of features are central in ALS pathophysiology. There are different
presentations of the disease, ranging from affection of UMN and LMN in the classical
form of the disease, dysfunction only of the corticospinal tract neurons in PLS, to
degeneration mostly restricted to anterior horn cells in PMA. Independent of the
disease presentation, degenerative changes are present mainly in anterior horn cells
and brainstem motor neurons that receive monosynaptic connections from the motor
cortex, and in the corticospinal tract neurons within the primary motor cortex. ALS
progression is typically contiguously between regions be it in the cortex, brainstem or

spinal cord (Gromicho et al., 2020), resembling a prion-like disease (Kanouchi et al.,

2012). Another striking fact is that sporadic ALS exists only in the human species

affecting parts of the nervous system that are more recent from an evolutionary
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standpoint. This is further strengthened by the notion that only nonhuman primates

display certain features of the disease seen in humans (Uchida et al., 2012). The

corticomotoneuronal synapse sets primates apart from other mammals. What sets
apart humans from nonhuman primates is both the quantity of corticomotoneuronal

synapses and the length of axons in the corticospinal tract (Lemon and Griffiths, 2005,

Lemon, 2008). Mutations in mitochondrial DNA have been associated with

neurodegenerative diseases in general (Cha et al., 2015) and ALS in particular

(Jankovic et al., 2021), with a focus on aberrant synaptic mitochondria (Candelise et

al., 2022, Gelon et al., 2022, Zhao et al., 2022). Hence, the corticomotoneuronal

synapse serves not only as a critical connection between the corticospinal tract and
anterior horn cells but, due to its susceptibility, also may act as an efficient breeding

ground for neurodegeneration.

Figure 36 - The “dying-forward” and “dying-back” hypotheses in ALS
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Recently, it has been suggested that ALS-related motor deficits are best
understood as a failure of complex and intricate motor task performance, involving
management of synergistic motor activity, rather than reflecting weakness of individual

muscles (Eisen and Lemon, 2021). In fact, as far back as the beginning of the 20t

century, the role of inhibition in movement control has been recognized. Already in
1932, in his Nobel lecture (Inhibition as a coordinative factor), Sir Charles Sherrington
deeply emphasized the importance of central inhibition in the control of voluntary

movement (Sherrington, 1932).

“The role of inhibition in the working of the central nervous system has proved
to be more and more extensive and more and more fundamental as experiment has
advanced in examining it. Reflex inhibition can no longer be regarded merely as a
factor specially developed for dealing with the antagonism of opponent muscles acting
at various hinge-joints. Its role as a coordinative factor comprises that, and goes
beyond that. In the working of the central nervous machinery inhibition seems as

ubiquitous and as frequent as is excitation itself.”

However, the role of inhibitory control of motoneurons in ALS has been largely

overlooked, until very recently.

In the last 20 years a significant amount of evidence has been gained regarding
inhibitory interneurons, which not only regulate corticospinal motoneurons in the
cortex, but also are instrumental mediators of the communication between upper and
lower motoneurons. In the animal model, there is evidence that interneuron
degeneration is an early feature, even preceding symptoms and motoneuron

dysfunction (Chang and Martin, 2009, Nieto-Gonzalez et al., 2011, McGown et al.,

2013, Salamatina et al., 2020, Cavarsan et al., 2023). In humans, degeneration of

cells surrounding motoneurons is also a key factor (Crabé et al., 2020).

Neurophysiological studies have similarly demonstrated early involvement of
inhibitory cortical circuits in ALS. We have shown that mirror activity is particularly
increased in ALS patients, suggesting a significant compromise of transcallosal
inhibitory pathways. Additionally, the normalization of the cutaneous silent period with
the activation of the motor cortex of the ipsilateral test hand also points to the same

conclusion. These changes provide further evidence that hyperexcitability of cortical
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motoneurons are probably due to dysfunction of inhibitory mechanisms of control

instead of intrinsic changes of the motoneuron itself.

Studies showing dysfunction of spinal segmental interneurons have also been
published, albeit to a much lesser extent. The cutaneous silent period is an inhibitory
spinal reflex, integrating a complex pre-attentional protective reflex process. We have
shown that this mechanism is altered in ALS and that the magnitude of change is
linked to the amount of UMN dysfunction. Although still a matter of debate, we have
likewise provided convincing evidence that this mechanism is probably postsynaptic
in nature, i.e., its inhibitory influence is exerted directly on the alpha motoneuron. Using
modulation paradigms of the H reflex, we have demonstrated that function of different
interneurons, from Renshaw cells to primary afferent depolarization interneurons, are
altered, compromising spinal systems of motor control that act directly on the alpha
motoneuron by inhibiting its excitation. These changes involve recurrent, presynaptic,
and postsynaptic mechanisms, leaving the corticomotoneuronal synapse particularly

susceptible to hyperexcitation.

The findings of this work strengthen the notion that an interneuronopathy

(Turner and Kiernan, 2012) can be deemed a major feature of ALS, and can possibly

be one of the first events and drivers of motoneuron degeneration in this devastating
disease. In the end, these discoveries might have therapeutic importance. Developing
approaches to safeguard the integrity of inhibitory circuits, while also counteracting
excitatory circuits, both at the cortical and at the spinal levels, could unveil fresh
avenues for therapeutic intervention in ALS. Neurophysiological measures that can
accurately and obijectively disclose changes in these circuits are thus of paramount
importance to identify and monitor both progression and, eventually, treatment

efficacy.
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9. Future perspectives

One of the most frequent conclusions when doing scientific studies is the
necessity for further research. | value this tradition deeply, and, considering the
discoveries within the studies presented in this dissertation, it is evident that additional

research is, indeed, imperative.

As thoroughly detailed in this thesis, inhibitory mechanisms are significantly
altered in ALS. With this in mind, there are several avenues of investigation,
particularly with regard to pharmacological modulations. It is expected that
administration of GABA or glycine agonists improve at least some of the changes in
inhibitory mechanisms, be them spinal or cortical. Additionally, drugs that are aimed at
improving UMN dysfunction, such as antispastic medication also could shed some

light to the specific physiology of the pathways here explored.

In more detail, changes in CutSP have been reported after the use of a selective

serotonin reuptake inhibitor, escitalopram (Pujia et al., 2014), implying the

monoaminergic system in the CutSP physiology. Given that a compromise of

serotonergic pathways in ALS has been suggested (Vermeiren et al., 2018), it would

be of interest to explore the effects of this drug in ALS patients. Baclofen, a GABAg
agonist, is commonly used to treat spasticity. It has been shown that Baclofen failed
to induce changes in the CutSP of incomplete spinal cord injury patients (Stetkarova

and Kofler, 2013). However, in diseases mediated by GABAergic dysfunction, such as

stiff-person, the CutSP is clearly altered (Bocek et al., 2016). It would also be of interest

to study the influence of baclofen in the CutSP in ALS patients.

As for the H reflex, apart from the obvious interest in pharmacological studies
as detailed for the CutSP, an interesting approach would be to assess the effect of
TMS modulation of segmental spinal mechanisms in ALS. Modulation of the H reflex

in humans after cortical stimulation is a well-known phenomenon (Costa et al., 2011,

Andrews et al., 2020). Additionally, some of the mechanisms explored in our work, are

also modulated by cortical stimulation (Valls-Sole et al., 1994, Andrews et al., 2015,

Bringman et al., 2022). These approaches would surely help to shed some light on the

interplay between supraspinal influences and spinal inhibitory mechanisms in the

specific context of ALS.
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Finally, given the possibility that early stages ALS may in part reflect an inability

to perform complex motor tasks (Eisen and Lemon, 2021), it would be valuable to

investigate if performance of fine motor skills is, in fact, impaired in ALS. Correlating
these findings with measures of inhibitory interneuron function could provide insightful

and valuable clues to ALS pathophysiology.
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11. Appendix

Study Il — Supplementary materials

Code for the 3 kHz Sampling Frequency

1al = readtableCEMGMON__001_R.txt");% Reads the text file containing the EMG signal of the
muscle contracting.

2x1=a1{:,}";

sabsll = abs(x1); % Obtaining the signal 's absolute value

+a2 = readtable(EMGMON__001_C.txt"); % Reads the text file of the corresponding contralateral
muscle.

sx2=a2{:,}";

sabs21 = abs(x2); % Obtaining the signal 's absolute value

7

8

9% Studying of the signal corresponding to the Muscle Contraction

wowindow = 150; % Window utilised for the Root Mean Square

uenvelopell = sqrt(movmean((abs11.72) ,window)); % Performing of the Root Mean Square on the
data , obtaining its envelope

1zdiferencall = zeros(1 ,29999); % Initialization of a Vector with the same size as the data

13for i1=1:29999 % For cycle which lets us store the differences between subsequent data points,

which is later needed

1adiferencall(l,il) = envelopell(1,il1+1) -envelopell(1,il);

1isend

16 absdiferencall = abs(diferencall); % Absolute value of said difference

17MCD1 = mean(absdiferencall (1:29999) ); % Mean of the absolute value of the differences
between subsequent points

18EMG1 = mean(abs11(1,1:29999)); % Mean of the absolute value of the EMG signal

19thresholdA1=EMG1+(2.66*MCD1); % Calculating the first Threshold needed

20envelopel?2 = sqrt(movmean((abs21.72) ,window));

21

22% Finding the Beginning of the EMG Signal

23

24% Point from where the signal goes above ThresholdA , and the contraction is already happening

2sencontradoll = false; % Initialization of a Boolean variable as False , which stores whether the
desired point has been obtained

26for il = 1:30000 % For cycle that ranges from 1 to the number of data points registered

27if envelopell(l,il)>thresholdAl && encontradoll == false % If the said envelope ’s data point value is
larger then ThresholdA , and if the Boolean Variable is still False , it will continue its search

2sthresholdB1 = mean(envelopell(1 ,1:i1)); % Computation of an intermediary Threshold
based on the Envelope Values

29 thresholdC1 = thresholdB1 +2.66*MCD1; % Obtaining the Final Threshold needed

soposicaoil = il; % Variable to Store the Position being studied

srencontrado41 = false; % Initialization of new Boolean Variable needed , which indicates the necessary

conditions have been met

s2for |11 = posicaoil:posicaoil+300 % For cycle that ranges between the Data point stored previously

(posicaoil) and the 300 points that succeed it, to make sure the script does not get stuck on a random

artifact of the signal

s3if envelopell(1,I1)<thresholdAl && encontrado4l == false % If there is a point that goes below

ThresholdA on the 300 points that succeed posicaoil

saencontrado41 = true; % Variable changes to the value True , not entering this if-clause until the cycle

finishes running. ss end

ssend
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w7 if encontrado41 == false % If there is a point that goes below the ThresholdA mark on those 300 points
that follow , this is not the point we want , therefore , we must study the next one, until we find
one that meets the criteria

ssencontradoll = true; % Enables the initial for cycle to continue its search

ssend

swend

send

42

43%Finding out where the Contraction is actually Starting

s encontrado21 = false; % New Boolean variable initialized , to store whether or not the value
corresponding to the beginning of the signal candidate has already been found

ssfor j1 = 1:posicaoil % For cycle that ranges from 1 to the position obtained previously (point where
the signal is bigger then ThresholdA)

s posicaojl = 1;

47if envelopel1(1,j1)>thresholdC1 && encontrado21 == false % If the envelope value
corresponding to j1 position goes above the ThresholdC , and a value meeting those
criteria is yet to be found

sgposicaojl =j1;

sencontrado21 = true; % If the envelope value corresponding to j1 position goes above the
ThresholdC , and a value meeting those criteria is yet to be found

soend

s1end

s2encontrado31 = false; % New Boolean Variable Initialized , to store whether or not there is a data point
on the envelope that returns to a value below ThresholdC , which would make that point the start
to the signal

ssfor k1 = posicaoil:-1:posicaojl % For cycle which ranges from posicaoj (where the signal is already
bigger than ThresholdC) to posicaoil
(where the signal goes below ThresholdA). This search is done backwards

s4if envelopell(1,kl)<thresholdC1 && encontrado31 == false % If a data point is found on that interval

which goes below ThresholdC

ss comecosinall = k1; % Storing of that point as the beginning of the contraction of the Muscle

ss encontrado31 = true; % Making the script able to ignore this if clause , as the point desired has already

been obtained

szend

ssend

s0if encontrado31 == false % If no point in that range of indexes goes below ThresholdC again

s0 comecosinall = posicaojl; % The contraction begins on the posicaojl (where its corresponding value is
the first point to be bigger than ThresholdC) , stored previously

srend

62

63 % Finding the End of the EMG Signal

saencontrado6l = false; % Initialization of a boolean variable that dictates whether or not the data point
that represents the end of the Contraction has been found

esfor m1 = posicaoil :30000 % For cycle that ranges from posicaoil (where the signal goes below
ThresholdA) and the last position of a existing data point (30000)

es if envelopell(1l,ml) < thresholdAl && encontrado6l == false % If the corresponding
data point comes back to a value below ThresholdA

67 posicaoml = m1; % Sinalization of said point as the candidate to represent the end of the

contraction

es encontrado81 = false; % Storing of a new Boolean variable that indicates if the necessary conditions are

met or not

e if posicaom1+1000 < 30000 % If the corresponding data point to our stored position plus 1000 is still

within the limits of the number of data points

7ofor 01 = posicaom1:posicaom1+1000 % For cycle which covers all those 1000 positions of data points
and the position of the data point being studied

7 if envelopell(1,01) > thresholdAl && encontrado81 == false % If a data point with a position greater
than the one being studied (over its next 1000 positions) goes once again below ThresholdA

7zencontrado81 = true; % The conditions are not met, and the Boolean variable encontrado81 is

changed to True

7zend

7zzend

75if encontrado81 == false % If the conditions are met
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zeencontrado6l = true; % The data point chosen is correct , representing the end of the contraction.

encontrado61 is changed to True , meaning the final data point has been found. The first if clause never

runs again , and the for cycle ends

77end

zsend

reend

soend

81

82% Converting the positions to the corresponding latency , bearing in mind the sampling
frequency utilised

sstemposinall = (comecosinall /3000); % Start of the contraction

sa disp(’Active Muscle Latency (in s)’);

ss disp(temposinall);

86

87

ssmeanl = trapz(envelopell(comecosinall:posicaoml)); % Performance of a Trapezoidal
Numeric Integration of the RMS values

somean2 = trapz(envelopel2(comecosinall:posicaoml)); % Performance of a Trapezoidal
Numeric Integration of the RMS values

s disp(Active Muscle Amplitude’);

a1 disp(meanl);

92 percentagel = (mean2/meanl)*100; % Signal percentage that exists on the the original contraction

versus its corresponding mirror movement

sa disp('Mirror Muscle Amplitude (in percentage):’);

s disp(percentagel);

95

96 % Plotting of the 4 graphs , both signals and its corresponding envelopes

o7ax1 = subplot(2 ,2 ,1);

ss plot(absll);

99 Xline(comecosinall);

100 Xline(posicaom1l);

w1 titleCActive Muscle - Absolute Value of EMG’);

12ax2 = subplot(2 ,2 ,2);

103 plot(envelopell);

104 yline(thresholdA1l);

10s yline(thresholdC1);

106 Xline(comecosinall);

107 Xline(posicaom1l);

wstitle(Active Muscle - RMS’);

1eax3 = subplot(2 ,2 ,3);

noplot(abs21);

11 Xline(comecosinall);

12 Xline(posicaom1l);

ustitle(Mirror Muscle - Absolute Value of EMG’);

usaxd = subplot(2 ,2 ,4);

115 plot(envelopel?2);

116 Xline(comecosinall);

u7Xline(posicaom1l);

ustitle(Mirror Muscle - RMS’);

19 linkaxes([ax1 ax3));

120 linkaxes([ax2 ax4));
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Code for the 24 kHz Sampling Frequency

1al = readtableCEMGMON__ 001_R.txt"); % Reads the text file containing the EMG signal of the
muscle contracting.

2x1=al{:,}’;

sabsll = abs(x1); % Obtaining the signal 's absolute value

+a2 = readtable(EMGMON__001_C.txt"); % Reads the text file of the corresponding contralateral
muscle.

sx2=a2{:,}";

sabs21 = abs(x2); % Obtaining the signal 's absolute value

7

8

9% Studying of the signal corresponding to the Muscle Contraction

rowindow = 1200; % Window utilised for the Root Mean Square

uenvelopell = sgrt(movmean((abs11.72) ,window)); % Performing of the Root Mean Square on the
data , obtaining its envelope

r2diferencall = zeros(1 ,239999); % Initialization of a Vector with the same size as the data

13for i1=1:239999 % For cycle which lets us store the differences between subsequent data points ,

which is later needed

1adiferencall(l,il) = envelopell(1,il1+1) -envelopell(1,il);

1isend

16 absdiferencall = abs(diferencall); % Absolute value of said difference

17MCD1 = mean(absdiferencall (1:239999) ); % Mean of the absolute value of the differences
between subsequent points

18EMG1 = mean(abs11(1,1:239999)); % Mean of the absolute value of the EMG signal

19thresholdA1=EMG1+(2.66*MCD1); % Calculating the first Threshold needed

20envelopel? = sqrt(movmean((abs21.72) ,window));

21

22% Finding the Beginning of the EMG Signal

23

24% Point from where the signal goes above ThresholdA , and the contraction is already happening

2sencontradoll = false; % Initialization of a Boolean variable as False , which stores whether the
desired point has been obtained

26for il = 1:240000 % For cycle that ranges from 1 to the number of data points registered

27if envelopel1(1,il)>thresholdAl && encontradoll == false % If the said envelope ’s data point value is
larger then ThresholdA , and if the Boolean Variable is still False , it will continue its search

2sthresholdB1 = mean(envelopell(1 ,1:i1)); % Computation of an intermediary Threshold
based on the Envelope Values

20thresholdC1 = thresholdB1 +2.66*MCD1; % Obtaining the Final Threshold needed

s0posicaoil = i1; % Variable to Store the Position being studied

ssencontrado4l = false; % Initialization of new Boolean Variable needed , which indicates the necessary

conditions have been met

a2for |11 = posicaoil:posicaoil+2400 % For cycle that ranges between the Data point stored previously

(posicaoil) and the 2400 points that succeed it, to make sure the script does not get stuck on a random

artifact of the signal

ssif envelopell(1,I1)<thresholdAl && encontrado4l == false % If there is a point that goes below

ThresholdA on the 2400 points that succeed posicaoil

saencontrado41 = true; % Variable changes to the value True , not entering this if-clause until the cycle

finishes running.

ssend

ssend

a7if encontrado41 == false % If there is a point that goes below the ThresholdA mark on those 2400 points
that follow , this is not the point we want , therefore , we must study the next one, until we find one
that meets the criteria

ssencontradoll = true; % Enables the initial for cycle to continue its search

s end

send

send

42
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43 %Finding out where the Contraction is actually Starting

s encontrado21 = false; % New Boolean variable initialized , to store whether or not the value
corresponding to the beginning of the signal candidate has already been found

ssfor j1 = 1:posicaoil % For cycle that ranges from 1 to the position obtained previously (point where
the signal is bigger then ThresholdA)

s posicaojl = 1;

471f envelopell(l,j1)>thresholdC1 && encontrado2l == false % If the envelope value
corresponding to j1 position goes above the ThresholdC , and a value meeting those
criteria is yet to be found

ssposicaojl = j1; % Storing of that position on a new variable

s encontrado21 = true; % Boolean variable is now True , which means this if clause will not run again

unnecessarily

soend

siend

s2encontrado31 = false; % New Boolean Variable Initialized , to store whether or not there is a data point
on the envelope that returns to a value below ThresholdC , which would make that point the start
to the signal

ssfor k1 = posicaoil:-1:posicaojl % For cycle which ranges from posicaoj (where the signal is already
bigger than ThresholdC) to posicaoil
(where the signal goes below ThresholdA). This search is done backwards

s4if envelopell(1,kl)<thresholdC1 && encontrado31 == false % If a data point is found on that interval

which goes below ThresholdC

sscomecosinall = k1; % Storing of that point as the beginning of the contraction of the Muscle

ss encontrado31 = true; % Making the script able to ignore this if clause , as the point desired has already

been obtained

szend

ssend

seif encontrado31 == false % If no point in that range of indexes goes below ThresholdC again

s0ocomecosinall = posicaojl; % The contraction begins on the posicaojl (where its corresponding value is
the first point to be bigger than ThresholdC) , stored previously

s1end

62

63% Finding the End of the EMG Signal

saencontrado6l = false; % Initialization of a boolean variable that dictates whether or not the data point
that represents the end of the Contraction has been found

esfor m1 = posicaoil :240000 % For cycle that ranges from posicaoil (where the signal goes below
ThresholdA) and the last position of a existing data point (240000)

es if envelopell(1,m1) < thresholdAl && encontrado61 == false % If the corresponding

data point comes back to a value below ThresholdA

67 posicaoml = m1; % Sinalization of said point as the candidate to represent the end of the

contraction

esencontrado81 = false; % Storing of a new Boolean variable that indicates if the necessary conditions are

met or not

69 if posicaom1+8000 < 240000 % If the corresponding data point to our stored position plus 8000 is still

within the limits of the number of data points

7ofor 01 = posicaom1:posicaom1+8000 % For cycle which covers all those 8000 positions of data points
and the position of the data point being studied

711f envelopell(1,01) > thresholdAl && encontrado81 == false % If a data point with a position greater
than the one being studied (over its next 8000 positions) goes once again below ThresholdA

7zencontrado81 = true; % The conditions are not met, and the Boolean variable encontrado81 is

changed to True

7zend

7aend

7s1f encontrado81 == false % If the conditions are met 7ze encontrado61 = true; % The data point chosen is

correct , representing the end of the contraction. encontrado61l is changed to True , meaning the final data

point has been found. The first if clause never runs again , and the for cycle ends

77end

7send

79end

soend

81

82 % Converting the positions to the corresponding latency , bearing in mind the sampling
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frequency utilised

sstemposinall = (comecosinall /24000); % Start of the contraction

sadisp(’Active Muscle Latency (in s):’);

ss disp(temposinall);

86

87

ssmeanl = trapz(envelopell(comecosinall:posicaoml)); % Performance of a Trapezoidal
Numeric Integration of the RMS values

somean2 = trapz(envelopel2(comecosinall:posicaoml)); % Performance of a Trapezoidal
Numeric Integration of the RMS values

s disp(Active Muscle Amplitude’);

a1 disp(meanl);

92 percentagel = (mean2/meanl)*100; % Signal percentage that exists on the the original contraction

versus its corresponding mirror movement

sz disp('Mirror Muscle Amplitude (in percentage):’);

s disp(percentagel);

95

96 % Plotting of the 4 graphs , both signals and its corresponding envelopes

s7ax1 = subplot(2 ,2 ,1);

ss plot(abs1l);

99 Xline(comecosinall);

100 Xline(posicaom1l);

w1 titleCActive Muscle - Absolute Value of EMG’);

12ax2 = subplot(2 ,2 ,2);

103 plot(envelopell);

1oayline(thresholdA1l);

10s yline(thresholdC1);

106 Xline(comecosinall);

107 Xline(posicaom1l);

wstitleActive Muscle - RMS’);

1eax3 = subplot(2 ,2 ,3);

uoplot(abs21);

11 Xline(comecosinall);

12 Xline(posicaom1l);

ustitle(Mirror Muscle - Absolute Value of EMG’);

usaxd = subplot(2 ,2 ,4);

us plot(envelopel?);

us Xline(comecosinall);

17 Xline(posicaom1l);

ustitle(Mirror Muscle - RMS’);

uolinkaxes([ax1 ax3]);

120 linkaxes([ax2 ax4]);
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