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Abstract

Neurological pathologieslamagingcommunication between central nervous
system (CNS) and peripheral nervous system (PNS), such as stroke, can result in
permanenmotor impairmentAround 20% of stroke patients making a partial recovery
remain with foot drop, which is expressed as weakness of ankleajodrdbnormal
muscle activations and movement coordination during locomdtmrthese patientthe
accident has an enormous impact inirttiée quality, social integration andconome
situation. Currently, there is no effective treatnfenthis pathology and, given the rising
worldwide prevalence of stroke during the upcoming years, there is a great need of

improving existingrehabilitative interventions

In this line, much researdhas focused on developing technology to improve
rehabilitation and motor restoration of paralyzed patiegddsances in technologlyave
considerably contributed to the capacity of acquiring, decoding and manipulating neural
activity, and hadeen appliedn clinical environmentglemonstrahg its renabilitative
efficacy. Spinal cord stimulation (SCS) has emerged pswerful tooffor manipulaion
the spinalkircuitry to generatavalking-like patterns ando regainpartial motor control
of paralyzed limbsComparing to passive SCS, using brain activity to activate the
stimulation is a more natural approach and allows volitional control of it. Baire
interfaces (BSI) have appeared as a technology to acquiogesgrand transform neural
signals into commands to control SBXIs enable associative connection between brain
neural activity encoding motor intenti®and activation of spinal pools and muscles,
whichmaytrigger Hebbian mechanisrtisat favor neuropldgity boosting rehabilitative
effects. To date only implantable BSIs have been devised a&msted in animals
Developing norinvasive BSIs wouldbroaden the field of applicability of this
rehabilitative technology opatients with motor disorders.

This thesis works on the development of amavasive BS] based on continuous
control of transspinal magnetic stimulation (€dS) using electroencephalographic
activity (EEG),for motor rehabilitation of patients with lower limb paralydis this end,
a set of 6 studies is presented, addressing the challenges and questions from three lines

of work: (1) relevance of artifact removal method&) neuromodulation by




electromagnetic stimulation, ar(@) conception of a braispine interface fio motor

rehabilitation

Firstly, towards integrating neurostimulators in clo$edp systems,we
characterize hovartifacts of electromagnetiand neurophysiologicabrigin interfere
with electrophysiological recordingeflecting active participation ohé patientand
simulate their impact in closddop control. Contamination oélectrophysiological
recordingshampers the estimation of neural activity of interest and directly affects the
performance of rehabilitative systems. Particularly for bcaintiolled neural interfaces
we propose a median filter to minimize stimulation artifacts and statistical thresholding
to eliminate neurophysiological artifacts. WWlemonstratéhe need of adequate artifact
removal methodsthat avoid bias in the quantificatioof taskrelated motor activity
allowing contingent peripheral feedback.

Secondly, we investigate the modulatory effects of electromagnetic stimulators
on the nervous system at different levels and discuss its implications in
neurorehabilitation. Two studies are proposed: one evaluates the influence of
neuromuscular electricatimulation (NMES) on sensorimotor excitability, and one
investigateghe influence of S on corticespinamuscular excitability. We evidence
that intensity and dose of NMES can produce immediate and cumulative effects on
sensorimotor excitability meased with EEG. Our exploratory study shows that lumbar
ts-MS strengthens the corticomuscular efficacy. Understanding how passive stimulation
interacts with the nervous system could help us to improve interventions based on closed

loop stimulation.

The third line of work composing this thesis focuses on the development and
validation ofa BSI forlower-limb motor rehabilitation. Given the knowledge acquired
from theothertwo lines of work, we aim at engineering the first aowmasive BSI that
integrateds-MS controlled by EEG activityWe prove the effectiveness and robustness
of the system to work in redilme eliminating stimulation artifacts and engaging motor
and sensory nervous system. Wst andvalidatethe BSI system in healthparticipants
andstrokepatientsandmeasurehe neurophysiologicatlinical andbehaviorakchanges

induced byan intervention based aur system Our results show that the Biitreases




the excitability of corticomusculapathwaysimproves sensorimotor functipenhances

balanceand walking spee@dnd decreases spasticity.

In summary, this thesis proposes a nowetinvasiveBSI thatenables contingent
connection betweelNS and PNS and evaluates its feasibility foehabilitation of
patients with motor paralysi The here presented system provide relevant insights
towards designingnddevelopingof this innovative technologgnd may set the basis for

future new investigations

Keywords: brainspine interface, trapspinal magnetic stimulation, strgke

motor refabilitation, artifact removalneurostimulationneuromodulation
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1. Synopsis

1.1 Introductian

1.1.1 Motor paralysis after stroke

Stroke is the second leading caa$amortality and disability around the world
with an incidence of over 13.5 million new cases every year, according to the World
Stroke Organization (WSQ@l.indsay et al., 2019)5troke is a global heaktare problem
that derives from an interruption of blood flow in the brain due to an obstruction
(ischemic) or rupture (hemorrhagic) of a blood vessel. Consequently, the lack of nutrients

and oxygennto the brain leads to celledth.

Most stroke patients survive the cerebrovascular accident, however depending on
thedimensionand thdocationof the brain lesion, many of them remain with permanent
motor dysfunctiongDimyan and Cohen, 2011; Langhorne et al., 20Ebjlowing the
cortical damage, disturbances in the connections between central nervous system (CNS)
and peripheral nervous system (PNS) arise, resuliiabmormal muscle activations and
movement coordination. Subsequently, stroke patients might experience other after
effects related tthesemotor deficits, such as spasticity and muscle atrophy, that lead to

the “claw hand” or ®“foot drop”.

Around 20% of soke patients that experience partial recovemain withfoot
drop (Burridge et al., 1997)The foot drop is characterized by weakness of the ankle
articulaion, which compromises locomotion and equilibrium of stroke patients, and
presents reduced plantarflexion prior to the onset of the swing phase followed by limited
dorsiflexion during swing phas@é.amontagne et al., 2002)The primary muscles
contributing to foot drop are tibialis anterior and posterior, soleus and gastrochemius
(Thibaut et al., 2013)Along with this impairment, stroke patients also presentrothe
deficiencies in knee and hip joints that might result in compensatory movements, limited
mobility, inefficient walking, and increased falling rikottink et al., 2004; Kluding et
al., 2013)

Ainhoa Insausti Delgado 1



Synopsis

This episode directly affects the quality of lives of the patients requiring support
and assistance of caregivers or relatives to undergo dailjasfes andestricts their
social integration. Furthermore, the treatment of this disease has an enorormmiec
impact for the patients and the health care syg@iominsky-Rabas et al., 20065iven
that the worldwide prevalence of stroke will increase in the next years, efforts te reduc
the stroke burden are of great néenhdsay et al., 2019)Currently there is no effective
treatment for this disease, and thus, advances in medicine and in the rehabilitative
interventions are required to achieve higher degree of functional recovery that could

promote the autonomy of these patients.

Assistive systenier foot drop

The conventional treatment of foot drop includes an afddé orthosis that
maintains the articulation in a neutral positi@urridge et al., 198). However, this
technique has numerous disadvantages, being uncomfortable and unaesthetic, and
limiting ankle mobility that can lead to muscle contract(ikéuding et al., 2013)
Alternative approaches based on electrical stimulation assistance have beendpropose
(Kottink et al., 2004) These systems electrically stimulate the muscles or peripheral
nerves through surface or implanted electrodes to produce tetanic muscle costraction
that allow dorsiflexion during the swing phase of ¢@it-Castillo et al., 2020)In order
to trigger the stimulation in the precise phase of the swing, gait eventeurately
detected by force, inertial and/or biological sensors, and control algorithms calculate the

kinematic paramete(&il-Castillo et al., 2020)

Although significant advances have been achieved in terms of portability of the
system,and efficiency and robustess ofcontrol algorithms, there are still several
limitations that have to be addressed Far widespread application of this technology as
a therapeutic tool. These systems require more effective stimulation engaging different
muscles and activating muscle synergies, optimized combination of sensors for gait
detection includingelectroencephalogphic EEG and electromyographic EMG)
guidanceand customization of the system to the needs of each patpert. from that,
muscle fatigue due to repetitive stimulation needs to be reduced by optimizing

stimulation protocolsMore importantly this therapeutic tool shoulidvolve the CNS




1.1 Introduction

and PNSo supporneuroplastienechanismsandshould considenot only instantaneous
assstance but also longterm therapeutic effect§ herefore, an alternative and more
efficient tool is required to boostakekey featurs.

1.1.2 Neuroplasticity and neurorehabilitation

Neuroplasticity is the capacity of the nervous systeredoganizetself resulting
in structural and functional changes by potentiating the generation of new connections or
reinforcing existing oneimyan and Cohen, 2011Pne of the key mechanisrttsat
playsa fundamental role igeneration of neuroplastic changes was firstly introduced by
Donald Hebb in 1949. He proposed that two neural populations exhibiting perarsdent
coincidentactivities could result in strengthening of the connectivity among thiée.
Hebbiantheorycouldb e summari zed as “cel |l s (Helbbat f
1949) This strengthening in synaptic connectivity can be artificially induced using three
stimulation paradigms: repetitive stimulation, paired stimulatiand closedoop

stimulation(Jackson and Zimmermann, 2012)

During the last decades, technology has evolved and considerably contributed to
the improvement of rehabilitation of paralyzed pati¢Rtns et al., 2016Dwing to the
advances in acquisition, decoding and manipulation of neural activity, technology has
emerged as a potential tool to activate neuroplastic mechswigat enable repair and
regeneration of injured neural networks, whichssentiain functional rehabilitationin
the context of manipulation of neural activityr the restoration of motor functions
recent advancements utilize spinal cord stimute¢f®CS)that activate spinal neuronal
pools to produce smooth movements and natural muscle activation compared to the direct
stimulation of the muscles that restt jerky movementsind increased muscle fatigue
(Alam et al., 2016)

Neuromoduwdtion of spinal networks

The spinal cord i& complex structure where embedded neural networks in the
lumbar region are responsible for producing and modulating locomotor function in

absence of brain commang{dultborn and Nielsen, 2007; Edgerton and Roy, 2012)

Ainhoa Insausti Delgado 3



Synopsis

Several neuromodulation approaches have been developed to target thespikatd
circuits, also known as central pattern generators (C@isassian et al., 2017; Taccola

et al., 2018) Decades of research in spinal physiology have demonstrated that invasive
electrical stimulation of spinal neuronal pools leads to restoratiéma@i-limb motor
control in animalg§Edgerton et al., 2008; Gerasimendoal., 2008; Alam et al., 2017)

and individuals with spinal cord injufarahn et al., 2017; Angeli et al., 2018; Formento

et al., 2018; Gill et al., 2018)

In this line, norinvasive stimulation of the spinal cord has also been proposed as
an alternative tool to neuromodulate the spinal circuitry. Transcutaneouscalectri
stimulation of the spinal cord has been shown to generate stdiangctivation
regaining certain degree of volitional control of paralyzed ligMisassian et al., 2016a;
Gad et al., 2017; Hofstoetter et al., 2018; Alam et al., 2028ynetic stimulation of the
motor axons at their exit from the spinal comhalso evoke motor potentials in leg
musclegUgawa et al., 1989; Knikou, 2013; Matsumoto et al., 20I8king advantage
of this property, repetitive transpinal magnetic stimulation (4S) produces
locomotorlike patterns and has been applied either in dpep (Gerasimenko et al.,
2010; Gorodnichev et al., 20106y EMG-triggered(Sasada et al., 2014; Nakao et al.,
2015) However, all these methods for spinal neuromodulation lack intentional brain
control of the stimulation.

1.1.3 Brain-spine interfaces

Controlling the stimulation using brain activity results in a more natural strategy
than activating the spinal neuronal pools through passive stimulation, since it mimics the
descending flow of neural information from the brain to the sgileeckson and
Zimmermann, 2012; McPherson et al., 2016pnsequently, braispine interfaces
(BSIs) have been developed to extract neural activity reflecting motor intentions and
translate it into commands to volitionally cont&CSthat activatesower-limb muscles
(Alam et al., 2016; Capogrosso at, 2016, 2018)These neural correlates encoding
motor execution or motor attempt can be detectable even in paralyzed paiges
Larraz et al., 2015, 2018ayvhich makes them convenient to govern BSIs. A timely

linked peripheral afferent activation that is contingent on the volitional activity recorded
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in the brain can exploit Hebbian mechanisms that faeorroplasticity and functional
recovery(Nishimura et al., 2013a; Ramdturguialday et al., 2013; Mracha&rsting

et d., 2016; Kato et al., 2019%pinal stimulation provides peripheral afferent feedback
by modulating excitability of spinal networkidubli et al., 2013; Hofstoetter et al., 2018)
and by contractintpwer-limb musclegGerasimenko et al., 2018he BSils rely on this
principle of activitydependent association between brain and spinal neural activation to
recover functional control dower-limb and alleviate gait defits (Borton et al., 2014;
Zimmermann and Jackson, 2014; Bonizzato et al., 2018)

Up to now, onlyimplantableBSIs have been engineered and validated in animal
research(Nishimura et al., 2013b; Md¢ferson et al., 2015; Bonizzato et al., 2018)
Invasive cortical recordings with microelectrode arrays can provide better and more
stable signal quality, allowing optimal control of neural interfaces. Similarly, intraspinal
or epiduralstimulation of the spinal cord through invasive electrodes emablairate
activation of motoneurons that resit fine movements. Howevelhe acceptance rate
of invasive neural interfaces among the patients is still low, mainly dtie tpossible
risks that the surgery may entéelg., surgical intervention, biological incompatibility of
the implant, etc.yWaldert, 2016)Developing norinvasive @proaches would expand
the framework of BSls, making them more accessible for experimentation with healthy
individuals and paralyzed patientSEG is a commonly used neuroimaging tool that
allows acquiring brain signals namvasively. Due to its good teropal resolution, EEG
has been widely integrated in braiantrolled neural interfaces. However, its low signal

to-noise ratio and proneness to get contaminated limit the application of EEG recordings.

Challenges of braiktontrolled neural interfaces

Towards the improvement obraincontrolled neural interfacesintegrating
neurostimulatorsthere are two main challenges that need to be overcome: (1) dealing
with stimulation artifacts, and (2) discriminating between the physiological activity of
interest and the one that is not.

Simultaneous EEG control of neurostimulation techniques has not been achieved

due to the artifacts produced by thtamulation that hinder the quantification of brain
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activity biasing the performance of continuous clek®ap systems. This fact has limited

the development of braicontrolled reatime neural interfaces, since to avoid
stimulationinduced distortions, these systems have only been used to trigger the onset of
pre-programmedstimulation protocols without providing a continuous control or
contingency (Pfurtscheller et al., 2005; Osuagwu et al., 2016; Tringsldaso et al.,

2017; Biasiucci et al., 2018)lence, different strategies have been proposed to deal with
electromagnetic interferences in brain activégordings, such as blanking, interpolation

or linear regression referen(@/alter et al., 2012a; lturrate et al., 2018; Young et al.,
2018) Nevertheless, because of signal discontinuities and instabilityecording
electrode impedance, none of these methodologies has shown effectiveness to eliminate
artifacts and to quantify cortical activation measured with EEG.

Physiological artifacts (e.g., eye movements, motion artifacts and compensatory
movements) can also interfere with brain recordin@hlégl et al.,, 2007a;
Muthukumaraswamy, 2013; Castermans et al., 201ahpering the dissociation of the
neural correlatef interest from other signals. This type of artifacts can be considerably
reduced by good instructing the participants, although their appearance is occasionally
unavoidableln addition, due to the dynamic nature of the nervous systkamges in
neural excitability derived from activation of motor network and/or somatosensory
feedback are constantly piening.Stimulation of the PNS and CNS is a manner of
interacting with neural networke modulatetheir responsegwhich directly depends on
the stimulation parameterfo date, few studies have addressed how oscillatory activity
measured with EE@ regdated by peripheral stimulatigifu-Chan et al., 2017; Corbet
et al., 2018) Given the relevance of EEG and neurostimulation for neurorehabilitation,
especially for EE&ased neural interfaces, understanding the cortical modulation driven

by stimulation is of great importance.

Altogether, there are several aspects that have to be considered towards
develping an EEGbased neurahterface. h order to &oid a bias in the estimation of
cortical activity,BSIsneed to adapt to dynamic neural excitability fluctuaticenssed by
neurcstimulationand to integrate robust and effective artifact removal methods, both for
electromagnetic and physiological artifgcwhich should not becomputationally

demandingandshouldallow reaktime operation.




1.2 Objectives

Brain-spine interfaces for motor rehabilitation

Dozens of studies have investigated the influenceasfscutaneous electrical
stimulation (Cogiamanian et al., 2012; Priori et al., 2014; Megia Garcia et al., 2019;
Murray and Knikou, 2019and tsMS on regulatingneural excitability(Nielsen and
Sinkjaer, 1997; Krause et al., 200&urthermae, it has been reported the beneficial
effects of transcutaneous spinal stimulation on motor control recgiragici et al.,
2018; Alam et al., 2020pnd attenuation of spasticitf{Minassian et al., 2016b;
Hofstoetter et al., 2020 patients with spinal cord injurResearchn animal models
has demonstrated that, compared to passive stimulation;danatirolled stimulation has
the caability to accelerate and enhance gait recov@igPherson et al.,, 2015;
Capogrosso et al., 2016; Bonizzat al., 2018)However, development and validation
of nontinvasive BSls for rehabilitation of patients with motor deficits, such as stroke, are
yet to be done. And more importanthypw braircontrolled stimulation could regulate
the human nervous d¢sn and its effects on synaptic efficacy asensorimotor

impairmentremain unknown

BSIs encourage the voluntary motor activation to control spinal stimulation
exploiting activitydependent neuragllasticity. Ths modulation of the nervous system
can happen at different neural levels including supraspimélspinal networks, where
efferent, afferent and propriospinal segments are embedded. ddnsdering the
disruptive connections between CNSdaRNS in patients with motor disordes
exhaustive evaluation of every neural component involved during the operati@sof
is essentialCharacterizing and determining the neural mechanismdatedy BSls are
of great relevancdor the designof optimal rehabilitation therapies based on this
technologyin order toboost functional recovery ddwer-limb paralysis.

1.2 Objectives

The main objective of this thesis was to develdpS that allows continuous
control of the spinal circudctivationvia ts-MS using brain activity and to validate this
system as a neurorehabilitative tool for restoration of motor function in patights

lower-limb paralysis Towards the development and validation of the BSI, we conducted
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6 different studies that cotitsite this thesis. Each of these studies contribtiethe
conception of the neurorehabilitative system and had a specific aim, as following:

1. Study 1: Influence of trarspinal magnetic stimulation in electrophysiological

recordings for closetbop rehablitative systemginsaustiDelgado et al., 2017)

Due to the potential ofSCS for motor rehabilitation and the growing
interest of integrating this technology in neural interfaces, we needed to
characterize how electromagnetic stimulation interacts with the recording of
neurophysiological signals. In this study, we recorded EEGEM@ activity of
a participant who was magnetically stimulated at different intensities. The main
goal of this study was to investigate how trapgal magnetic stimulation can
affect EEG and EMG recordings, and to evidence the necessity of artifaceatemov

methods for the implementation of clodedp systems.

2. Study 2: Eventelated desynchronization during movement attempt and
execution in severely paralyzed stroke patients: an artifact removal relevance

analysigLépezLarraz et al., 2018a)

The EEG constitutes the most used neuroinagaol to acquire non
invasive brain activity. De to its low signato-noise ratio and susceptibility to
get contaminated, interferences of neurophysiological origin can corrupt EEG
signals limiting its applications. The increasing interest of using EEG to control
neural interfaces requires of adequateaning methods that allow accurate
estimation of cortical activity. Thus, the aim of this study was to evaluate the
impact of neurophysiological artifacts in EEG recordings of stroke patients on the
quantification of brain activity. We also aimed at pnavthe effect of different
rejection procedures on the performance of beaintrolled neural interfaces.

3. Study 3: Intensity and dose of neuromuscular electrical stimulation influence

sensorimotor cortical excitabiliffinsaustiDelgado et al., 2021)




1.2 Objectives

Peripheral stimulation of neuromuscular systems has been largely used in
neurorehabilitation due to its influence in afferent neural excitation. The
regulation of neural processes directly depends on stimulation parameters, and to
date, few studies have@dm@ssed the effects of peripheral electrical stimulation on
sensorimotor oscillatory activity measured by EB8cause otherelevanceof
this neuroimaging technique the field ofrehabilitativebrain-controlled neural
interfacesthe study objective vgato investigate how the intensity and dose (i.e.,
number of pulses) of peripheral electrical stimulation can influence the
instantaneous and cumulative sensorimotor excitability. We also aimed at
demonstrating the effects of the stimulation artifacts B& Eignals and the need

of removal methods for quantifying brain activity.

4. Study 4: Quantifying the effect of trasspinal magnetic stimulation on spinal
excitability (InsaustiDelgado et al., 2019)

SCShas prompt as a powerful tool to generate locomotor patterns and to
modulae spinal circuits that could result in recoverylafver-limb function.
Magnetic stimulation constitutes afternative approach to electrical stimulation
for spinal stimulation; however, little is known about how this modality of
stimulation can interaatith neural mechanisms. Filling this gap of knowledge
would allow us to identify the neurophysiological changes induced by magnetic
stimulaton and to exploit them to optimize rehabilitative therapiesdaer-limb
impairment. Hence, the goal of this sjudas to evaluate and characterize the
effects ofts-MS on the excitability of central and peripheral nervous system of
healthy participants. We aimed at demonstrating theegplatory effects of
transspinal stimulation on excitability of cortiespinemuscular pathways.

5. Study 5: Noninvasive brairspine interface: continuous brain control of trans

spinal magnetic stimulation using EEf@saustiDelgado et al., 2020)

Thetherapeutic benefitsf SCScould be enhanced if integrated in brain
controlled neural interfaces that permit the volitional and natural control of the

stimulation. In thidine, BSIsaim at artificially connecting brain and spinal neural
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networks and could be used for alleviatingitgleficits in patients with motor
disorders. However, the approach of developiB&bfor humans has never been
explored before. To this erahd wth our previous knowledge fro®tudy 1 and

4, the goal of this study was to devise aatidatethe firstnorrinvasiveBSI that
enable& the contingent connection between cortical activation reflecting motor
intentiors and activatiorof spinal circuits andower-limb muscles through 1s
MS. Furthermore, we wanted to evidence the capacity of this neural inteyface
regulate thenotor and sensomervous system and its potential to be applied as

a therapeutic tool.

6. Study 6:Brain-controlled transspinal magnetic stimulation to restdogver-limb

paralysis: a proebf-concept in stroke patients

We engineered the first nanvasive BSI that relies on extracting motor
commands to timely trigger the activation of the spinal networks througi$ts
However, howthis neural interfaceouldinteract with thehuman nervous system
remained unclear and understanding this proeessid allow us to design
optimal interventions that could result in better rehabilitative benefits. Thus,
continuing the work oftudy 4 and 5, the purpose of this study was to evaluate
and characterize howan intervention based on BSI can neuromodulate the
nervous systerm healthy and strokimdividuals We firstlyaim at assessintye
neurophysiological changes in CNS and Rifi§ealthy subjectsmeasured by an
exhaustive battery of assessments of syoagdficacy. Secondly, we wanted to
validaiethe platform with paralyzed patients aondrovidea detailed description

of the neurophysiologicand clinicalchanges after a B&lased interventian

1.3 Results and Discussion

The results of the studies that qoose this thesis are arrangeditopics, where
we discuss the implications of the main findings for the development of BSI technologies

and formotor rehabilitation of paralyzed patients.




1.3 Results and discussion

1.3.1 Artifact removal relevance

Stimulation of the spinal cord hasisen as a promising tool to activate neuronal
pools generating functional recovery in patients with motor disorderscola et al.,
2018) Owing to its potential for motor rehabilitation, there is an increasing interest in
integrating this technology in closéabp neural interfaces. However, this step is not
straightforward ast requires understanding, firstly, how stimulation interferes with
electrophysiological recordingseflecting active participation of the patiemind,
secondly, how talissociatehis neurophysiological activity of interest from signals that
are contamiated by other physiological activity.

In study 1 (InsaustDelgado et al., 2017), we investigatihe effects ofumbar
tsMS at different intensitiesnp stimulation,10%, 30% and 50% of the maximum
stimulator outputpn EEG and EMG recordingsvhile a participant was required either
to rest or to swingheright leg freely in the air like in a regular walking st&de firstly
characterized the artifathat tsMS introducel in the neurophysiological recordingsd
found that these werkigh-amplitude peakdasting around 10 ms. Accordingly, we
proposed a median filter based on a sliding window of 20 ms to minimize the effects of
the stimulation artifacts. Then,enevaluated the influence of theMsS in the power
spectral density of corticattvity recorded in 2 representative channels (one highly and
one less affected by stimulation). Our results stmbthat as the stimulation intensity
incremented an increasing artifact appedrat the stimulation frequencand its
harmonics Moreover thewhole power spectral density raised interfering with the alpha
band (#13) Hz of thesensorimotor rhythmSMR), which is commonly used to control
closedloop devices. However, the median filter was able to attenuate the alterations of

the power spectrumven in the most corrupted channel

In addition, as an estimate thie performance of dosedloop system controlled
by EMG or EEG activitywe used the Bhattacharyya distance to measure the separability
between data distributions corresponding to reshameemenperiods For EEG activity
in the alpha bands the intensity increased, the separability of the distributions reduced
becoming closerto 0, or even reversing the sign of the distance between.them

Neverthelessthe median filter improved theeparability between distributiofer both
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highly and less affected EEG channdRegarding th&eMG activity, we divided the
analysisbetween muscles innervated (i.eastus mediallsand not innervated (i.e.,
biceps brachii by the stimulated neural patays.We found that using muscle activity
of vastus medialito control a closedbop systemwould result in increasinthe distance
between distributions, which would wrongly enhance the performance. The median filter
could not prevent this bias in thé&ssifier performanceSimilarly, the Bhattacharyya
distance was also enlarged when usiggps brachiiactivity, although the affectation
of the stimulation wasower compared tdower-limb muscles which could explain its
use for controlling a neural terface, as presented (Basada et al., 2014)ltogether,
our findings evidenced the necessity ofartifact removal methods to clean
neurophysiological signals from-kS contamination for their integration in closkeap

systems.

Given theeasines®©f EEG to get contaminatedtusly 2 (LoépezLarraz et al.,
2018a)investigated the impact of physiological artifacts (i.e., eye movements, motion
artifacts, muscle artifacts and compensatoovements) in EEG recordingstbirty-one
stroke patients whilérying to move theithealthy andparetic armWe quantified the
cortical activation as the everdlated desynchronization (ERD) &VR and ran a
pseudeonline simulation ofa BMI control. To minimize the influence of artifacts we
useda linear regression teliminateocular contaminations araltriatbased statistical
thresholdingo reject the othgphysiological artifactsThe effectiveness of each artifact
removal methodo deal with artifactén EEG recordings of stroke patiemntas evaluated

by means of ERD and BMI performance.

EEG recordings were mainly polluted by involuntary muscle activity and

removingtheseartifacts helped todentify cortical signatures of interedtiring motor

tasks resulting in an enhanced ERD or brain activalibis contamination was more
pronounced during motor execution or motor attempt of paretic hand, probably due to the
extra effort and compensatory owements, where other body parngere also
involuntarily involved. Furthermore, we showed thetwer BMI performances were
achievedwhen cleaning brain activity from artifacts. This sugegdsthat using
contaminated brain activitied to a positive bias of the classifieutputthat improvel

the performance of the closémbp systemHowever, his fact compromisetthe operant
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functioning of BMIs that rely on the associative link between cortical activity and
peripheral feedbacléltogether, this study evidenced thelevanceof usingappropriate
methodologies to remove artifa¢tsaccurately estimate the motmrticalactivity from

EEG datasefsespecially those artifacts with ocular, motion and muscular contraction

origin.
1.3.2 Neuromoduhtion by electromagnetic stimulation

Modulating the excitability of the nervous system usingjectromagnetic
stimulation can support functional recovery and has several applications in
neurorehabilitatiofCarson and Buick, 2019; Megia Garcia et al., 2048)romuscular
electrical stimulationNJMES) has been largely used to reduce muscle atrophy and to
regulate afferent neural excitatigiinutson et al., 2015)Despitethe influence of the
stimulation in the neural excitatiogirectly relies on stimulation parameteitle is
known abouthow intensity and dose dIMES can modulatesensorimotor oscillatory
activity measured with EEGGiven the importance of EEG and NMEf®r
neurorehabilitation, with especial focus on EBfBsen neural interfaces, understanding
the neuromodulatory effects of NMES on brain excitability is of paramount relevance.
Therefore, m study 3 (InsaustiDelgado et al., 2021)we evaluated the sensorimotor
activation, quantified as everglated (le)synchronization (ERD/ERS) afortical
oscillatory rhythms,in twelve healthy participantswhose wrist extensors were
stimulated at three different intensities (two below and one above the individual motor

threshold) during rest while wearing an EEGtegs

First of all,following our priorknowledge fronStudy 1(InsaustiDelgado et al.,
2017)and Study ZL6pezLarraz et al., 2018ajve proposed a twstepartifact removal
method composed byi) rejectionmethod based ostatistical thresholding gfower
line noise to discard contaminated channatg] (2) median filtering for removal of
NMES artifacts We demonstrated the feasibility of the tstep procedure, which
efficiently eliminated the stimulation artifacts inducbgd NMES and evidenced the
relevance of artifact removal methods fmcurateestimation of brain activityAfter
cleaning the EEG signals, we investigated the instantaneous and cunmeffscie of

NMES on sensorimotor oscillatory activityon the one hand, a significant intensity
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dependent modulation of cortical oscillatory activity was observed. As the stimulation
intensity increased, there was a proportional cortical response, presumably by recruiting
larger number of afferent fibers that seascendingvolleys to the sensory dex.
Noteworthy, our results revealed traiimulation below the motor threshold was not
significantly differento not being stimulateddn the other hand, we found ttiae dose

of NMES producd an intensitydependengffect on sensorimotor activity modulation
over time While intensities below the motor threshold caused cortical inhibition,
stimulation above the motor threshold caused cortical facilitatddm.could speculate

that abovemotorthreshold NMES, in comparison teelow-motorthreshold NMES,
providel functionally“relevant feedbackas an additive effect ¢1) direct afference by
recruitment of sensory fibers and cutaneous mechanoreceptd® smtirect secondary
reafference byctivation ofproprioceptive regptorsdue tomuscle contraction and joint
movements that boostd neural excitability Overall, our findings highligletd the
neuromodulatory effects of intensity and dose of NMES on afferent pathways from the
muscle to the brain, whiclshould be carefullyconsidered for the design of
neurorehabilitative systems integrating NMES and EEG, such asdmnatirolled neural

interfaces

In contrast to jerky movements elicited by direct muscle stimulation, spinal cord
stimulation can activate neural centetsat generate smooth and natural muscle
contractiors (Alam et al., 2016)In the domain ofower-limb rehabilitation,SCShas
been shown not only to produce walkiliige rhythms, but also to induce changes in the
spinal neural networks, leadirtig functional recoveryGill et al., 2018) Although
electrical stimulation of the spinal cord constitutes the most commonly used modality,
magnetic stimulation could also be used tadoiate the spinal circuits. However, the
influence of this stimulation approach on neural excitability has been scarcely

investigated

Study 4(InsaustiDelgado et al., 2013valuated whethgrassivdumbarts-MS
at the motor threshol@dould regulatethe cortico-spinacmuscular efficacy ofseven
healthy participantdNe analyzedl) the efficacy of cortical projections to the muscle by
means of the peato-peak amplitude and latency wibtor evoked potential MEP), (2)

the efficacy ofspinomuscularpathways by means de peakio-peak amplitude and
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latency oftransspinal motor evoked potentials{MEP), and(3) the efficacy ofcortico-
spinalpathways by means ekntral motor conduction time. These neurophysiological
assessments were measured three towessthe experimenbne before the intervention,
oneright afterfinishing the intervention andne 30 min afterwardsWe observed that
the strength of the descending voltelyom the cortex to theoleusmuscle (i.e., target
muscle of the interventionguantified asMEP amplitudeincreased almost 30% after the
intervention and was kept up to 30 min la@@nis findingindicaedthatcorticomuscular
excitability might have been enhanced lyMS, although no changes were found in the
MEP latencyRegading the efficacy of spinmnuscular and cortiesepinal segmestwe

did not observe any differences @ither tssMEPs or central motor conduction time
Nevertheless, this exploratory stubdgda small sample size and no control grolmp.
spite ofthese results not being conclusifciie to the lack of statistical power), they
provide a hint about the possible-tggulatory effects of #MS on neural excitability that

could be exploited in neurorehabilitation

1.3.3 Brain-spine interfacefor motor rehabitation

The neuromodulatory effects &CS could be boosted if integrated in brain
controlled neural interface€lackson and Zimmermann, 2012hich would allow
volitional and more natural control of the stimulatias it resembleghe neural
transmission from supraspinal neural networks to the spBilsenable this convergence
of monitoring cortical signalencoding volitional activity and stimulating spinal pools in
a closedoop manner, which can prompt activiigpendent neural mechanisms.
Towards developing a nenvasive neural interface for rehatation of lowerlimb
paralysis in Study 5 (InsaustiDelgado et al., 2020)e engineered and investigated the
feasibility of the first noninvasive BSI for humans that rafien the continuous control
of lumbar tsMS usingEEG activity. Ten healthy participants validated this platform
while being stimulated at different intensities (sham, 20%, 30% and 40% of the maximum
stimulator output)As expected, the 48!S was introduced in the EEG recordings as-high
amplitude peakand its influenceaffectedthe sensorimotor oscillatory activity used to
govern the platform,impeding the correct functioning of the systefdiven the

knowledge fromStudy 1and Study 3we implementeé median filter to deal with ts
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MS-induced artifactsand an adaptative decoder to handle with potential changes of
cortical activation over timeWe demonstrated the efficiency and robustness of the
system toeliminate thestimulation artifacts in redime regardless of t8S intensity
used which would allow theclosedloop implementation of different stimulation
protocols This is an important feature of our system since to datéinuousonline
control of neurostimulators integrated in braontrolledneural interfaces has not been
developediue to the undesirable artifackat hinde the extraction of neural correlates

of interest biasing the decoding accuracy of these systems

Our BSI allowed the contingent connectioncoftical activityreflecting motor
intentiors with the directactivationof motor (from the spine to leg muscles) and sensory
(from the spine to theomatosensory cortgyathwaysthrough tsMS, which would
satisfy the requirements for Hebbian plasticitithough neurophsiological assessments
for synaptic efficacy were not included in this preliminary analyses,siwowedthe
potential ofour BSI to activatecentral and peripheral neural pathwayseTs-MS
induced an intensitgependent modulation of the motor and sensowuits, measured
as transspinalmotorevoked potential@és-MEP) and transspinal somatosensory evoked
potentials (ts-SEP) respectively.Furthermore, allparticipantsagreed on a reduced
usability of the system as the stimulation intensity increased (nore pain and
discomfort, and less ability to concentrate on the task), although their subjective
perception did not affect the accuracy controlling the BSI. Overall, the here presented
results shed some light on thesigning and developentof noninvasive BSIs as an

innovative neuroscientific tool.

The next step followin@tudy 5(InsaustiDelgado et al., 202@yas to investigate
the effectiveness of the namvasive BSI to induce neuroplastic changes in human
nervous systerand to validate this platform as a neurorehabilitative tool of patients with
lower-limb paralyss. With this aim in Study 6, we recruited twertgne healthy
participants, who underwentsaglesession experiment, asdvenstroke patients, who
tested the systerand were evaluated aftan 8-session interventiorBecause of the
structural complexyt of the spinal cord, where ascendant and descendant tracts
connecting central and peripheral nervous system embedded, we proposed an

exhaustive battery of assessments for the characterization of changes in synaptic efficacy
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induced by a BSbased intavention Additionally, clinical and behavioral assessments

were also conducted in stroke patients.

In healthy participants, we found that the BiSkerventionled to a significant
increase of corticomusculaynapticefficacy, measured as petkpeak amplitude of
MEPs in thetibialis anterior and soleus muscles. Thisenhancement of cortical
projectionswvas observed right after finishing the brawntrolled lumbar S and, for
thetibialis anterior muscle(i.e., taget muscle of the interventignyas prolonged until
30 minutes afterAlthough we could not isolate the effect of the stimulation alone from
the closedloop stimulation our results showed that those subjects with higher decoding
accuracies had significiiyp bigger MEPs right after finishing the intervention. This
finding suppored the key feature of BSIs that enable timihked activation of brain
and spinal pools resulting in greater excitability changes in the entire corticomuscular
network. With respect tothe other neurophysiological assessments, we could not find
significant differences irthe excitability of spinomuscular motor pathways, spinal
reflexes somatosensory pathwagad motor cortex activatiaimrough the sessioithis
implied that if the neural response of spimuscular tracts did not change, the significant
reinforcement of corticomuscular efficacy midfavelain in anenhancment ofcortico-
spinal connections and/or supraspinal structuibase to the lack of a control grpuevery
assumption has to be carefully considered iarmduld not be concluded whether the
observed changes in synaptic efficacy were caused by the BSI intervention. Nevertheless,
we presume the associative activation of cortical and spinal neural ketmaght have

contributed to these changes.

Study 6 also reported on the first validation on stroke patients of-innasive
BSI, based on continuous Ilumbar-M§& controlled by EEG, andexplorel
neurophysiological and clinical changes induced by anvetgion based on they/stem
Our descriptive analysis revealed that some patients experienced significant enhancement
of synaptic efficacy oforticomuscular pathways/er days and within session, quantified
as peako-peak amplitude ofMEPs in tibialis anterior muscle. We observed a
progressive increase of the MEP size, being this more pronounced in the assassment
last sessions. This suggesthat the BSI intervention might haweducedimmediate

effects on the entire corticomusculaetwork although it mighthave neead certain
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amount of sessions to indusgatistical significant cumulativeffects. As in healthy
subjects, the patients also showed no significant changi® iaxcitability ofspino
muscular motor pathways, spinal reflexeematosensory pathways motor cortex
activationafter the 8day interventionRegarding the behavioral assessments, all patients
overall gained walking speed and ambulateapacity Furthermore, the scores of the
FugkMeyer assessme(fEMA) decreased slwing an improvement of lowdimb motor

control after the treatment. In addition, we found that the spastic tone was also reduced
following the treatment and, more interestingly, a patient suffering from ankle clonus was
recovered from this pathologBecause of the nature of our study with no control group,

we cannot draw anfurther nordefinitive conclusions from the neurophysiological and

clinical changes observed after thedy intervention.

The applicability of the systenalsorequiredevaluating the degree afability
according to theuser experience. All patients reported good tolerability (e.g., low
discomfort and pain) to the lumbar stimulation, good concentratitme control of the
system and low fatigabilityDespite thewide heterogeneity of brain lesionaused by
strokeand theirconsequences in abnormal cortical activatalh patientssatisfactorily
controlled the BSI systemsing their EEG activityOverall, the here presentegstem
could constitute a relevant neurorehabilitative tool for the treatment of -lownker

paralysis.

1.4 Conclusions

These are the conclusions and implications tfa@ development of BSIs to

rehabilitatedlower-limb motordysfunctionthat can be extracted frothis thesis

1 Electrophysiological recordingsuch as signals acquired from brain and msscle
that reflect movement intentioman be used to control rehabilitative neural
interfaces. However, the applicability dfieseneurophgiological signals in
closedloop systems is drastically affected when combined wstMS. We
evidenced the need of artifact removal metettl proposed the median filter as
an effective methodology to deal with stimulation contaminations from EEG and

EMG signals.
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1 Apart from artifacts of electromagnetic origin, EEG recordings are also
contaminated by artifacts of biological origin (e.g., eye blinking, motion artjfacts
compensatory movementsin the context of rehabilitative neural interfaces,
pollutedEEG activity leads to unreliable estimation of brain activity, that in turn,
biases the interface control limiting theerapeuticeffectiveness of the system.

We demonstrated the necessity of adequate methodologies that remove
biologicalorigin contaminabn allowing accurate estimation asensorimotor
taskrelatedbrainactivity to provide contingent peripheral feedback, which is key

to promote motor recovery.

1 We found that intensity and dose of NMES can indogeediate and cumulative
effects on the excitability ahe sensorimotor cortexeasured by EEG. This is
of great relevance for NMEBased interventions, since intensity and dose are
usually tuned, whiletherstimulationparameters are fixed. Understanding how
NMES parameters can modulate the excitability of the cortex could help us to
boost the benefits of rehabilitative therapies,instancejn passive NMES and
closedloop neural interfaces likEEG-guided NMES.

1 Ts-MS has thecapacityto interact with the spinal cord generating afferent volleys
to the cortex and efferent volleys to musglessulting in an increase of
excitability of the entirecortico-spinemusculametworktracts Nevertheless, the
neuromodulatory effects of passiveM$ need to be further investigated in order

to optimize brairdriven neurostimulation protocols.

1 We devised the first nemvasive BSI that relies on the continuous control of the
ts-MS guided by EEG. Our BSI enablid® simultaneous association of cortical
activity reflecting motor intentions with the activation of spinal circuitgyeling
afferent and efferent neural pathway#/e proved the effectiveness and
robustness of the median filter to minimizeM$S-induced artifacts allowinga
precise estimation of brain activation and its implementation irtiraal closed

loop systemsThis innovative systemvas designed and developtd exploit
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neuromodulatorynechanisms and constitutes the first steps towards developing

a relevant tool for lowelimb motor rehabilitation.

1 We evaluated and characterized for the first time the neurophysiol@gidal
clinical effectsof an intervention based @ur novelnontinvasive BSI Our study
demonstrated that usinthe BSI systemenhancd the synaptic efficacy of
corticomuscular pathwayof healthy participanis a single sessioand that this
improvementwvas positively correlatedith the BSI performance~urthermore,
we tested and studied the feasibility of this systemthe first timein stroke
patients. After &ay BSI intervention, stroke patiersBowedpositive changes
in synaptic efficacy o€orticomuscular projections, increased motor function and
reduced spastic ton@verall, our finding shed light on theapplicability of BSI

technologyand proposethe latteras a rehabilitative todbr lower-limb paralysis.

1.5 Outlook

Neural interfaces have emerged as a potential tool to interact with the nervous
system allowing monitoring and manipulation of neural activity to invoke agtivit
dependent plastimechanismsghat can lead tlunctionalrecovery Scientific research of
last decadebasbroughtbrain-controlled interfacethatenable contingent link between
cortical activity and activation of paretic limb resultingherapeutic benefitélowever,
rehabilitative neural interfacdsave not yet demonstrated to be effecewv®ugh tobe
adopted as a treatment to induce significaator recovery in paralyzed patients. These
systems are still in an early stage of development and need to overcome substantial

challenges to gain relevance in the clinical environment.

Stroke causes a wide heterogeneity of brain lesions that, togeittethe
singularity of individual cortical activity, leads to diverse cortical patterns among patients
performing the sametagkSt epi en et al . ,Cult@dnlzationofhaurak et
interfaces according to the abnormal neural patterns and the specific needs afieath p
might be a key factor to maximize the outcomes of these intervenD@spite the

acceptabl@erformanceof our BSI systemthe control of EEG-guided neural interfaces

14
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1.5 Outlook

is restrained by the decoding accuracy that-ingasive acquisitiontechniquesoffer.

EEG has low signatio-noise ratio and poor spatial resolutierhichimplies that it is not

only more prone to get contaminated by undesired noise, but also less effective to detect
brain activity originated in deeper neural structu@mnsequentlywhile brain activation
reflecting hand movements is easily discriminated because of the large and superficial
cortical representation of the hand, activation of foot cortex is more difficult to identify
due to the cortical representation of this limbthe mesial walPfurtscheller et al.,
2006) Invasive recordings can provide better and more stable signal quality, which
makes them potential canidites for high accuracy control of neural interfaces. Similarly,
invasive stimulation of the spinal cord can yield precise activation of motoneurons
resulting in fine movements. However, the risks associated with electrode implantation
(e.g., surgical inteention, biological incompatibility of the implant, etc.) generate
reluctance among the patients. Subsequently;imasive neural interfaces should
consider incorporating advancedassification algorithms or techniques of feature
extractionthat couldenhance the estimation of brain activity and optimizing specificity

of nonimplantable stimulation systems.

The majority of studies performed on stroke patients only last a few weeks, which
allowstestingthe potential of the technology but prevents prauyitongterm effects.
Duration of therapies is another pivotal facamd wurther research should continue
investigating the rehabilitative benefits of BSls in a larger population of patients during
longer periods. Indeed, longer therapies would permitadapt the interventions
according to patients’ evolution, whi ch
recoveryand, in turn, in their life qualityTowards the prolongation of the treatment
duration, n the future rehabilitative interventions Mot be restricted to the clinical
environment and homehabilitation will gain importance. Incorporating neural
interfaces to dayo-day lives of the patients will offer continued (i.e., daily sessions) and
intensive (i.e., more hours per day) trainingpat will probably enhance
neurorehabilitative outcomes. New technologies will need to face the chaldénge
adaping to daily life of patientbecoming portable and wearable systeimshe context
of BSIs, this implies that both brain recording and dpstinulation systems require
further development in order to become hemleabilitation a reality.

Ainhoa Insausti Delgado 15
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It should be also considered thatthough this thesis has mainly focused on
lower-limb rehabilitation of stroke patients, the framework of clinical BSIs is not
restricted and could be extended to treat other diseases causing paralysis, such as spinal
cord injury, and/or to restore upp@nb movement. This requires characterizing motor
deficits of other diseases and broadening the knowledge about spinal circuits involved in
afferent and efferent neural transmission of the upper Holever, it should be noted
that, in comparison to theeural circuits of the brain, the spinal cord circuitry exhibits a
less clear spatial organization that hinders the functional characterization of network
elements(Rybak et al., 2015)The diverse spinal reflexes (e.g., recurrent inhibition,
reciprocal inhibition), withtheir connections and their influence in neural transmission
unravel the complexity of this structufglultborn, 2006) Although the battery of
assessments for synaptic efficacy we used aimed at identifying the role of different
elements \wthin this complex structure, this might not be specific enough and
complementary electrophysiological measures might be needed to provide relevant
insights of spinal excitability.

The results presented in this thesige limited to the selected stimulation
parameter@andneural features used to govern the system. On the oneih&ad, not
beenexhaustivelyexplored the influence of passiveNtS on neuroplasticity andufure
research requires a better characteripatibthestimulationparameters (e.g., intensity,
frequency, dose)On the other handye restricted the functioning of the system to a
certain number of channels and frequencies, although the control strategy should aim at
adapting the BSI system to pati¢ s’ pat h o ltrgingitccpaomotemauralf i | e
reorganization and to reestablish balance between hemisplerasdition to the
experimental findingand complementary electrophysiological measwresiputational
neuroscience and bioelectromagnetic modeling could also serve as complementary tools
to provide a moreompleteunderstanding of the neural connections and mechanisms

interacting with the stimulation.

Finally, this thesis has brought technological progress to the field of neural
interfaces for the rehabilitation of patients with motor dysfunction. Although
considerable advances are yet to be done forwildespread application dbrain

controlled interfaces as a therapeutic tool, its clinical impact on the patient population
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that could benefit from its use is enormous. Moreover, the here presented findings have
shed light on the development of BSIs and hgigeusseahallenges ah questionshat

future research should focus efforts on. As the technology advances over the next few
years, new generation devices optimizedgemerate neuroplasticity and functional
recovery will be engineered and, consequently, the quality of liaaflyzed patients

will be improved.
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2. Chapter 2: Influence of trarspinal magnetic
stimulation in electrophysiological recordings for

closedloop rehabilitative systems

This manuscript has been publishedlasaustiDelgado et al., @17).

2.1 Abstract

Recent studies have shown the feasibility of spinal cord stimulation (SCS) for
motor rehabilitation. Currently, there is an increasing interest in developing -ttmged
systems employing SCS for lowkmb recovery. These closddop sysems are based
on the use of neurophysiological signals to modulate the stimulation. It is known that
electromagnetic stimulation can introduce undesirable noise to the electrophysiological
recordings. However, there is little evidence about how electepiatographic (EEG)
or electromyographic (EMG) activities are corrupted when a -spimal magnetic
stimulation is applied. This paper studies the effects of magnetic SCS in EEG and EMG
activity. Furthermore, a median filter is proposed to ameliorateftbets of the artifacts,
and to preserve the neural activity. Our results show that SCS can affect both EEG and
EMG, and that, while the median filter works well to clean the EEG activity, it did not
improve the contaminations of the EMG activity. Theaiiitd results underline the need
of cleaning EMG and EEG signals contaminated by SCS, which is essential for optimal

closedloop rehabilitation.

2.2 Introduction

Spinal cord stimulation (SCS) has emerged as a promising technique for motor
rehabilitation of paents with motor disorders, such as spinal cord injury (SCI). SCS has
been studied with nemvasive (i.e., magnetic stimulation, transcutaneous electrical
stimulation) and invasive (i.e., intraspinal electrical stimulation) approaches with the aim
of exploring the intrinsic motor capabilities of the spinal c@rackson and Zimmermann,

2012) So far, SG has been largely evaluated in anin{&essignol and Frigon, 2011;
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Jackson and Zimmermann, 2012; Capogrosso et al., a8@@lso in humar{®inassian

et al., 2007; Angeli et al., 20143everal studies have evidenced that SCS can induce the
activation of spinal neural pools resulting in smooth and natural move(Adeuts et al.,
2016; Capogrosso et al., 201@nd even in neuroplastic modificatio@®ngeli et al.,
2014)

However, in the majority of the cited studies, there is an absence of intentional
control of the SCS by the subject. It has been shown that an active participation of the
subject is essential for a better recov@gmosMurguialday et al., 2013Closedloop
systems take advantage of this intentionality of the subject and have been widely used in
rehabilitation. The key point of closédop rehabilitation is that it induces activity
dependent plasticity mechanmis due to a coherent and associative activation of two
neural population€Jackson and Zimmermann, Z)1Hence, there is a growing interest
in developing closetbop systems based on SCS for rehabilita(®aisada et al., 2014)

SCS could be volitionally cormdled by noninvasive neural activity (i.e.,
electroencephalographi)EG, or electromyograpkMG). In this line, promising
results have been shown using trapsial magnetic stimulation controlled by EMG in
healthy subjectdSasada et al., 2014nd in SCI patient{Nakao et al.,, 2015)
Furthermore, invasive interventierhave been successfully tested in animals: e.g.,
intraspinal electrical stimulation driven by neural spikBsshimura et al., 2013b;

Capogrosso et al., 2016)

Despite closedoop neural interfaces have been widely used combined with other
technologies (e.g., exoskeletoiRamosMurguialday et al., 2013; Légd.arraz et al.,
2016; Sarasol®anz et al., 2017)magnetic SCS in closddop approaches is not so
frequent. Indeed, the concurrent use of electromagnetic stimulation and
neurophysiological recordings is a challenge, since undesirable components (i.e.
artifacts) could be introduced and contaminate the electrophysiological activity. These
artifacts may represent a problem to control the SCS in closgd since noise affecting
the signal may bl ur t he a@ogasechetal, 200@her esent i
use of magnetic fields for brain stimulation (i.e., transcranial magnetic stimu{als)
has been widely characterized. It is known that TMS pulses introduce a peak of several
orders of magnitude larger than the ongoing ERGgasch eal., 2016) Therefore, it is
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important to characterize how neurophysiological signals are affected when a magnetic
stimulation is applied over the spinal cord in order to develop an optimal dtuged
system based either on EEG or EMG.

This study focuses on the analysis of EEG and EMG recordings when magnetic
SCS is applied. Different stimulation intensities (10%, 30% and 50% of the maximum
output of a transcranial magnetic stimulator) were used to stimulaterttait spinal
cord. We investigated the effedf the electromagnetic stimulation in the neural
recordingsMoreover, an approach based on median filtering is progosesnove the

artifacts.

2.3 Methods

2.3.1 Experimental procedure

One male healthy subject (age 2@}h no neurological disorders and full leg
mobility was recruited for one session. The experiment was performed at the University
of Tubingen (Germany) and approved by the ethics committee of the Faculty of Medicine
of the University of Tubingen. The gelbt lay comfortably in a semiprone position on a
physiotherapy bed with the right side of his body facing upwards. The right leg was
suspended to ensure free mobility of the limb (hanging in the air without friction), as in
Figure 2.1 (Sasada et al., 2014Puring the session, brain and muscle activitys
recorded while the subjewas resting or moving his right leg in four different conditions:

(1) no stimulation, (2) 10% of the maximum stimulator output, (3) 30% of the maximum
stimulator output and (4) 50% of the maximum stimulator output. The session consisted
of 8 blocks (2 kbcks per condition) and each block included 20 trials. Each of these trials
consisted of two different states: rest and movement, guided by auditory cues. Rest
periods lasted randomly betweer75seconds, where the subject was asked to be
completely relaxé. Movement periods had a duration of 3 seconds, and the subject was
asked to swing his leg freely in the air like in a regular walking step. The magnetic
stimulation was only applied during the movement periods in random intervals,

mimicking a nonideal dosedloop system.
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Figure 2.1: (Left) Magnetic SCS and signal recording (EEG, arm EMG and leg EMG) setup. (Right) Subject lying in
a semiprone position on the physiotherapy bed with his leg suspended by arnellinggd pulleys system.

2.3.2 Data acquisition

Electroencephalographic (EEG) activity was recorded usingch&2nel Acticap
system including an MRcompatible amplifier (BrainProducts GmbH, Germany). The
channels were distributed in the following locations FP1, FP2, F7, F3, Fz, F4, F8, FC3,
FC1, FC2, E4, C5, C3, C1, Cz, C2, C4, C6, CP5, CP3, CP1, CPz, CP2, CP4, CP6, P7,
P3, Pz, P4, P8, O1, and O2; having the ground channel in AFz and the reference in FCz
(according to the international 10/10 system). Surface electromyographic (EMG) activity
was recordeé using Ag/AgCI bipolar electrodes (Myotronibkoromed, Tukwila, Wa,

USA) with an interelectrode space of 2 cm. An Mfdmpatible bipolar amplifier
(BrainProducts GmbH, Germany) was also used for this acquisition. Eight muscles from
the right leg {((bialis anterior, soleus, gastrocnemius medialis, gastrocnemius lateralis,
vastus medialis, vastus lateralis, semitendinosus and biceps femudi®ne from the

right arm piceps brachiji were monitored. Thperoneal malleolusvas used as ground.
Both brain andnuscle activity were measured and synchronized at a sampling rate of 1
kHz.

2.3.3 Magnetic stimulation

Stimulation of the spinal cord over the lumbar area was applied using a Rapid2
magnetic stimulator (MagStim, UK) with a circular (90 mm diameter) coil. The
experimenter localized the intervertebral lumbar regiorLBA4following anatomical
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landmarks and placed the coil tangentially to the vertebra during the session, following
(Sasada et al., 2014h order to apply the stimulation over the same spot, this target point
was marked in the back of the subject. The stimulation intensity was performed for 10%,
30% and 50% of the maximum output of the magnetic stimulatoranfitted frequency

of 20 Hz(Sasada et al., 2014jor every stimulation output, the subject was asked first

if stimulation produced pain before continuing.

2.3.4 Data pocessing

1) PreprocessingTrhe EEG signal was filtered with a 4th order Butterworth band
pass filter between-20 Hz; and then, it was subsampled to 100 Hz. The EMG signal was
filtered with a highpass filter of 5 Hz.

2) Epoching Each block was divideahio trials including the rest and movement
periods. Each trial went fror#t seconds to +3 seconds, being 0 the moment where the

auditory cue was presented.

3) Power estimatianTrials belonging to the same stimulation condition were
pooled together. The pe@r spectral density of the signals was calculated using a
periodogram with 1 s hamming windows, 50% of overlapping, and a frequency resolution
of 0.25 Hz. Then, power distributions were calculated for both states: rest and movement.
In the EEG power spacim, frequencies betweenrlB Hz (i.e., sensorimotor rhythms
SMR) were selected. According (Bfurtscheller and Lopes da Silva, 1998yring a
motor execution, a desynchronization, or power decrease, occurs in this specific
frequency range. Hence, power distributions during rest were expected to be higher than
during movement. On the other hargher power of EMG activity was expected at
frequencies between ADO Hz, when the movement was executed.

The magnetic stimulation can introduce a large peak to the signal of interest
(Rogasch et al., 2016n order to measure the sealnd latency of this peak, examples
of stimulation artifacts at different intensities were aligned and plottEdjure2.2. The
artifact peak has a larger magnitude compared to the EEG signal, lasting around 10 ms.
According to the characteristics of this peak, a median filter could be used as a removal

method, gice it is suited for removing peaks of large scale. A sliding window of 20 ms
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was applied to the signal, and the filter output was computed as the median value of the
analyzed window. The efficacy of the median filter was compared for both EEG and
EMG sigrals.
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Figure 2.2: Single trials of EEG activity aligned to the stimulus in a highly affected channel (Cz). Artifact induced by
10% (left) and 50% (right) of the maximum intensity output of the magnetidattmu

2.3.5 Data evaluation

The main purpose of this study was to assess the feasibility of using
neurophysiological signals under magnetic stimulation. Therefore, the influence of the
stimulation in the powedistributions of rest and movement states was evaluated. The
magnetic stimulation could modify the distribution of the data in two different ways: (1)
reducing their separability or separating the distributions in the wrong direction (i.e., if
the power ofSMR during movement execution in EEG activity becomes closer or even
higher than in resting state); (2) increasing the distance between distributions, which
could result in a biased performance of a classifier (i.e., if the EMG activity during
movement agments, resulting in a sharper difference). As an estimate of classifier
performance, Bhattacharyya distance was used to measure the separability between data
distributions corresponding to rest and movement epochs. The sign of the distance was
consideredin order to account to the positive or negative difference between

distributions,

i QQ¢
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where D is the Bhattacharyya distancesepresents the activity of the rest

intervals, and m of the movement intervals.

2.4 Results

2.4.1 Magnetic SCS influence in EEG activity

Figure 2.3ab present the power spectral density of brain activity for 2
representative channels: one highly affected by the stimulation and one less affected.
These differences might be caused by viatin electrode impedances, or bad contact
due to the posture of the subject. The effect of different magnetic stimulator intensities
during movement are plotted in comparison to the power in rest periods. For the highly
affected channel (CEigure2.3a), when the magnetic stimulation intensity increased, an
augmenting artifact appeared at 20 Hz and its harmonics. Moreover, the whole spectrum
also raigd with the stimulation intensity, leading to a signal distortion and disappearance
of the desynchronization in SMR. For the less affected channgelKiguare 2.3b), the
SMR was slightly better preserved under magnetic stimulation. However, the artifacts
were still present in the signal. Figure2.3c the artifact attenuation of the median filter
in the more corrupted channel is shown. The influence of the artifacts and the median
filtering can be seen by analyzing the Bhattacharyya distances between rest and
movement distributions. In raw EEG activiof the highly affected channel, as the
stimulator output intensity increasefeigure 2.4a), the distances became closer to O, or
even positive for thB0% of the stimulation intensity. The use of the median filter always
improved the distance between the distributions. Regarding the less affected channel
(Figure 2.4b), a smaller influence of artifacts was observed as the stimulation intensity
augmented. The median filter also improved the separability in comparison to the raw

signal.

2.4.2 Magnetic SCS influence in EMG activity

Separate analyses were done ideo to assess the influence of the magnetic
stimulation in (1) a muscle innervated by the magnetically stimulated nerves, and (2) a

muscle innervated by nerves rostral to the magnetic stimulation.
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Figure 2.3: Power spectral density of EEG activity for (a) a highly affected EEG channel (Cz) and (b) a less affected

EEG channel (Pz) in rest and movement intervals for different stimulation conditions. (c) Power spectral density of

EEG activity of raw and median filtered signals in the highly affected channel for different stimulation conditions.
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Figure 2.4: Separability between rest and movemeistrithutions for different stimulation conditions given by
Bhattacharyya distances. The distances between raw signals (light colored bars) and median filtered signals (dark
colored bars) distributions are shown in (a) highly affected EEG channel, Casbpaffected EEG channel, Pz; (c)

leg muscular activity; and (d) arm muscular activity

1) Lowerlimb EMG activity The analysis focused on the vastus medialis
(although the rest of the leg muscles presented similar effects), since it is an extensor
muscle highly involved in walkingFigure 2.4c shows the increase of Bhattacharyya

distances as the stimulator intensity augmented, which would incorrectly enhance the
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performance of a classifier distinguishing between rest and movement. However, in this

case, the medidiiter was not always able to improve this negative effect.

2) Upper limb EMG activityFigure2.4d presents the Bhattacharyya distance of
power distribtions in thebiceps brachiiNote that the subject was not asked to move his
arm while walking, thus no difference between rest and movement was expected
(distance during no stimulation condition is almost zero). As the magnetic field increased,
the distares slightly raised. However, the distortions were notably smaller than in the
leg EMG. Applying the median filter did not improve the effect either. Nevertheless, the
affectation of the stimulation to the arm EMG was relatively small, which explains the

feasibility of this method for closddop control, as shown ifBasada et al., 2014)

2.5 Discussion and conclusions

Motor rehabilitation based on clostmbp neural interfaces is of great interest,
since an active participation of the patient is required to promote neuroplasticity for a
better recoveryRamosMurguialday et al.2013) Electrophysiological recordings (e.g.,
EEG and EMG) can provide a reliable estimation of voluntary movement, and therefore
can be used to drive the rehabilitative interventions. This paper reported how EEG and
EMG are affected by magnetic splirrd stimulation (SCS), which might negatively
influence the performance of the rehabilitative systems. Thus, this paper evidences the
need of processing the neural signals to deal with undesired components induced by
electromagnetic contaminations amaprove the applicability of rehabilitative systems

based on this technology.

The power spectra of two representative EEG channels were analyzed. An
increase of artifact peaks and distortion of background power spectrum associated to the
stimulation intengy was found. A median filter was applied to diminish the influence of
the stimulation. Bhattacharyya distances revealed that the median filter improved the
discrimination between two classes, not only in the less affected channel, but also in the

highly &fected one.
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Regarding the EMG activity, different results were obtained depending on the
location of the muscle. Muscles innervated by the stimulated nerves presented a high
distortion (resulting in an increase of Bhattacharyya distances), which couloenot
ameliorated by the use of a median filter. Consequently, a elospaystem controlled
by leg EMG would have a biased performance. On the other hand, EMG activity in a
muscle that was not innervated by the stimulated nerves presented less comm@aminati
Bhattacharyya distances were notably smaller than for the leg muscle and similar between
the different stimulation intensities. Thus, lumbar stimulation controlled by EMG activity

of the arm can be a suitable configuration, as showW8adsada et al., 2014)

While the median filter worked well with EEG signals, it did not improve the
contaminations of EMG activity. Therefore, more advanced artifact removabdseth
should be implemented for clostwbp systems controlled by muscular activity. Finally,
remark that, since this study was performed on a single subject, further research is needed
to confirm the obtained results. In addition, extending these anatys#®et stimulation
approaches, such as functional electrical stimulation (FES), will be relevant for the

development of rehabilitative strategies based on these technologies.
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3. Chapter 3. Eventrelated desynchronization
during movement attempt and execution in severely
paralyzed stroke patients: an artifact removal

relevance analysis

This manuscript has been publishedlagpezLarraz et al., 2018a)

3.1 Abstract

The electroencephalogram (EEG) constitutes a relevant tool to study neural
dynamics and to develop bramachine interfaces (BMI) for rehabilitation of patients
with paralysis due to stroke. However, the EEG is easily contaminated by artifacts of
physiologcal origin, which can pollute the measured cortical activity and bias the
interpretations of such data. This is especially relevant when recording EEG of stroke
patients while they try to move their paretic limbs, since they generate more artifacts due
to compensatory activity. In this paper, we study how physiological artifacts (i.e., eye
movements, motion artifacts, muscle artifacts and compensatory movements with the
other limb) can affect EEG activity of stroke patients. Data from 31 severely paralyzed
stroke patients performing/attempting grasping movements with their healthy/paralyzed
hand were analyzed offline. We estimated the cortical activation as therelaad
desynchronization (ERD) of sensorimotor rhythms and used it to detect the movements
with a pseudenline simulated BMI. Automated stavé-the-art methods (linear
regression to remove ocular contaminations and statistical thresholding to reject the other
types of artifacts) were used to minimize the influence of artifacts. The effadifatt
reduction was quantified in terms of ERD and BMI performance. The results reveal a
significant contamination affecting the EEG, being involuntary muscle activity the main
source of artifacts. Artifact reduction helped extracting the oscillatgnasires of motor
tasks, isolating relevant information from noise and revealing a more prominent ERD
activity. Lower BMI performances were obtained when artifacts were eliminated from

the training datasets. This suggests that artifacts produce an aptmastthat improves
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theoretical accuracy but may result in a poor link betweerrtdated oscillatory activity
and BMI peripheral feedback. With a clinically relevant dataset of stroke patients, we
evidence the need of appropriate methodologies toveradifacts from EEG datasets

to obtain accurate estimations of the motor brain activity.

3.2 Introduction

The electroencephalogram (EEG) allows studying the oscillatory activity
associated to voluntary movement, which is a major area of interest withieltsedf
neurology and neurophysiologramosMurguialday and Birbaumer, 2015)he dgree
of motor cortex involvement during motor tasks has been largely studied and quantified
by means of the evemtlated desynchronization of the alpha and beta rhythms
(Pfurtscheller and Lopes da Silva, 1998he existence of a tool to assess and quantify
cortical involvement during motor tasks has served, for instance, to characterize the
patological patterns of cortical activation of patients with motor disorders, such as stroke
or spinal cord injuryfKaiser et al., 2012; Lopdzarraz et al., 2015; Park et al., 2016)
has also allowed to discover differences in oscillatory activity between stroke patients
suffering subcortical and cortical lesiofsSt epi en et al ., 2011;
al., 2017)and to study their cortical reorganiiman over time(Tangwiriyasakul et al.,
2014b)

Measuring the cortical signatures of movement with EEG has also allowed the
development of nomvasive systems that interpret those signals intneed to create
brainrmachine inrfaces (BMI) with rehabilitative or assistive purp¢Shaaudhary et al.,
2016; Lebedev and Nicolelis, 2017; Loégearraz et al.,, 2018c)Different devices,
including robotics and prosthetics, have been controlled by patients using brain activity
only, to facilitate the movement of their paralyzed arms and(ldggal et al., 2015;
LopezLarraz et al., 2016; Ibafez et al., 201Vhe use of these systems to provide a
contingent proprioceptive feedback has been demonstrated to promote neuratyplastic
and motor learning in healthy individuals and pati€MesachaczKersting et al., 2012,
2016; RamodMurguialday et al., 2012Further, BMibased rehabilitation interméons
have proven their success in promoting clinical improvements after stroke and spinal cord

injury (RamosMurguialday et al., 2013; Ono et al., 2014; Ang et al., 2015; Pichiorri et
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al., 2015; Donati et al., 2016; Trincaédonso et al., 2017; Biasiucci et al., 2018he
key point of these intervéions is to establish a link that associates the neural activity
related to voluntary movement and the peripheral feedback to facilitate plasticity by

Hebbian mechanisn{dackson and Zimmermann, 2012)

The main limitation of EEG recordings, either for neurophysiological assessment
or for BMI development, is its low signal to noise ratio and easinesd tmgtaminated.
Generally, several tens of repetitions (i.e., trials) of the same task have to be recorded and
averaged to derive an accurate estimate of the brain process of interest, or to calibrate the
classification algorithm for the BMIGraimann and Pfurtscheller, 2006hljterferences
of electrical or physiological origin (i.e., artifacts) contaminate the EEG signals,
potentially biasing the information and interpretations that can be extractedifese
data. Electrical artifacts can be avoided by following good practices, such as recording
the EEG data in an electrically shielded room, using baptewered devices, and
minimizing electrode impedance@ammond and Gunkelman, 2001; Nunez and
Srinivasan, 2006)When these artifacts are produced by the sources of stimulation used
by a BMI (e.g., closetbop electric or magnetic stimulation), they can induce a bias in
the estimation of EEG power. Different methods have been proposed to avoid this
phenomenon, such as ignoring or interpolating the contaminated portions of signal
(Hoffmann et al., 2011; Walter et al., 2012iv)using median filtering to minimize the
peaks(InsaustiDelgado et al., 2017Physiologcal artifacts can be largely reduced by
instructing the subjects on how to avoid them; however, sometimes their occurrence is
unavoidable. The most common physiological contaminations of EEG recordings are
caused by: (1) electrooculographic (EOG) actiwtfich generates electrical currents
due to eyelid movements and movements of the retinal digdtddogl et al., 2007b)

(2) motion artifacts, with lowirequency, highamplitude oscillations as a result of
(involuntary) head or body movements during the execution or attempt of other
movementgCastermans et al., 2014nd (3) muscular artifacts, which produce power
increases in higfrequerties of the EEG due to the overlap with the spectral bandwidth

of muscle activityMuthukumaraswamy, 2013)

Dozens of methods are currently available to try to minimize the influence of each

type of artifact in EEG recordind€roft and Barry, 2000; Muthukumaraswamy, 2013;
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Uriglen and GarciZapirain, 2015) However, there are four important problems
missing n the literature that can be of crucial importance, especially when working with
EEG of patients with motor paralysis (e.g., due to stroke). Firstly, most of the works study
the effects of “cleaning” the aryng,fomct s
instance, the differences in the estimation of cortical activation or in BMI performance
(Urigtien and GarciZapirain, 2015)Secondly, they generally measure the influence of
artifacts in healthy individual although there might be differences in how these
contaminations affect data of healthy vs. paralyzed sulfjeggezLarraz et al., 2017)

since patients generate more compensatory activity during attempts of movement.
Thirdly, assuminghat artifacts are just additive noise that lowers the sigrabise ratio

can be problematic; if the artifacts are somehow correlated with the studied task (e.g.,
muscular contamination of the EEG due to excessive contraction during movement
attempt),they can be learned by the BMI classifier, leading to an optimistic bias in its
performance(Castermans et al., 2014rourthly, in addition to the EEG artifacts,
compensatory movements of limbs not related to the task are commonly ignored,
although they can also bias the measurement of cortical a¢iRatposMurguialday et

al., 2010)

Given the growing interest in the use of EEG and HESed BMIs to improve

the assessment and motor rehabilitation of patients with paralysis due to stroke, the
appropriate cleaning of these signals might bep@aramount importance to obtain
accurate estimations of brain activation. This work aims at measuring the influence of
physiological artifacts in EEG recordings of stroke patients on the quantification of
cortical activity and for the use of rehabilitaiBMI systems. We expect that more
restrictive artifact rejection procedures will lead to a more accurate estimation of the
cortical activity during a motor task, which should also result in a better link between the
brain and the paralyzed muscles in a |Bkkrapy. We analyzed a clinically relevant
dataset of 31 severely paralyzed stroke patients to study the effects of rejecting EEG and

EMG artifacts from an electrophysiological and from a neurotechnological point of view.
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3.3 Materials and methods

3.3.1 Patients

Thirty-one chronic stroke patients (h®ales mean age 54.0+11.7 years, range
29-73, time since stroke 60.3+58.2 months, range3R) were recruited for this study.
Inclusion criteria were: (1) hand paralysis with no finger extension; (2) minimum time
since stroke 10 months; (3) age between 18 and 80 years; (4) no psychiatric or
neurological condition other than stroke; (5) no cerebellar lesion or bilateral motor
deficit; (6) no pregnancy; (7) no epilepsy or medication for epilepsy during the last 6
months (8) eligibility to undergo magnetic resonance imaging (MRI); and (9) ability to
understand and follow instructions. Demographic and clinical data of the patients can be
found inTable3.1. Further details about the lesion location and the brain areas affected
by the stroke in each patient can be founSupplementary Tabl&1 andSupplementary
Figure3.1. The experiments were conducted at the University of Tubingen, Germany.
The experimental procedeli was approved by the ethics committee of the Faculty of
Medicine of the University of Tubingen, and all the patients provided written informed

consent.

3.3.2 Experimental design and procedure

The patients were asked to perform an assessment task in whitiathigymove
their healthy hand, or to attempt to move their paralyzed hand, while their
electroencephalographic (EEG) and electromyographic (EMG) activity was recorded.
Each patient performed between 4 and 6 blocks, each of which contained, in a random
order, 17 trials of movement execution (healthy hand) and 17 trials of movement attempt
(completely paralyzed hand). The number of blocks recorded depended on the tiredness
of the patients, as in some cases they requested to stop the measurements bleifoge finis
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the 6 expected block&udiovisual cues guided the patients regarding the phases of a
trial: rest (random duration between 4 and 5 seconds), movement execution/attempt (4
seconds), and an int&ial interval that was included every three trials (random duration
between 8 and 8econds). The patients were asked to perform (or try to perform)
openings and closings with their healthy (or paretic) hand at a comfortable personal pace
during the 4 seconds of the movement execution/attempt interval (generally, it took them
around 1.5 to perform a complete opeiose cycle). Before starting the first block, they
were instructed to minimize compensatory movements and any other source of

contamination for the EEG activity during the rest and movement intervals.

3.3.3 Data recording angdreprocessing

EEG activity was recorded using a commercial Acticap system (BrainProducts
GmbH, Germany), with 16 electrodes placed on Fpl, Fp2, F3, Fz, F4, T7, C3, Cz, C4,
T8, CP3, CP4, P3, Pz, P4, and Oz (according to the international 10/20 system). The
ground and reference electrodes were placed on AFz and FCz, respectively. Vertical and
horizontal electrooculography (EOG) was also recorded to capture eye movements.
Electromyographic activity was recorded using bipolar Ag/AgCl electrodes (Myotronics
Noromed, USA) from four muscle groups of each aextensor carpi ulnarisextensor
digitorum, external head of theicepsand external head of thieceps All signals were
synchronously recorded at 500 Hz.

The EEG data were filtered between 0.1 and 48 Hh wi4th order causal
Butterworth filter. The signals were trimmed down tsetond trials, from3 to +4
seconds with respect to the movement cue. Although the shortest duration of the rest
intervals was 4 seconds, we decided to consider only the lasbBds to ensure that the

patients were in resting state.

11n a posthoc analysis, we verified that there were no significant differences due to the distinct amount of

trials for each patient in terms of estimated cortical activity and BMI accuracy.
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ID Gender Age Time since Lesion Lesiontype cFMA
(years) stroke (months) side

1 M 60 14 R C+S 13
2 F 52 156 L C+S 5.5
3 F 66 23 L C+S 16.5
4 F 54 10 L C+S 8

5 M 58 28 R C+S 8.5
6 M 62 10 R C+S 1

7 F 73 23 R C+S 1

8 M 60 130 L S 9.5
9 F 36 16 L C+S 11
10 M 57 122 R S 17
11 M 47 80 R S 12
12 M 51 16 L C+S 3.5
13 M 69 89 R C+S 26
14 F 35 28 R C+S 11
15 F 72 44 L S 2
16 F 55 17 R S 0.5
17 M 66 48 R C+S 7.5
18 M 69 72 L S 5.5
19 F 55 45 L S 16.5
20 F 53 30 L S 5
21 F 35 60 R S 25.5
22 M 58 28 R C+S 8.5
23 M 29 25 R C+S 15
24 M 47 232 R C+S 135
25 M 50 215 L S 335
26 M 48 45 R S 7.5
27 F 53 20 L S 17.5
28 M 40 53 R C+S 3.5
29 M 70 23 L C+S 8
30 M 40 46 L S 30.5
31 M 54 121 R C+S 16

Table 3.1: Patients demographic data. Lesion side indicates the damaged hemisphere. Lesion type indicates if the
stroke affected subcortical areas only (S) or cortical and subcortical areas (C+S). cFMA stands for combined Fugl
Meyer assessment, which comprises rertlarm motor scores combined, excluding coordination, speed and reflexes
(range 0- 54 points, with 54 points indicating normal hand/arm function).
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3.3.4 Artifact rejection procedures

The artifact rejection procedures were designed to identify and minineze th
influence of four types of contaminations that can frequently occur when measuring EEG
activity during movement executions or attempts: electrooculographic contaminations,
motion artifacts, muscle artifacts, and compensatory movements with other lionbs. F
that, we relied on the recorded EEG and EMG activities. Three different methods were
proposed and compared between them and with no artifact rejection: (1) artifact rejection
based on EMG activity only; (2) artifact rejection based on EEG activity (8)lgrtifact
rejection based on EMG and EEG. The EMG activity was used to identify undesired
compensatory movements with the arm that the patients should keep relaxed. The EEG
(and EOG) activity was used to detect electrooculographic contaminationsnmotio
artifacts and muscle artifacts. These artifact rejection procedures were applied to the
available set of trials of each patient: i.e., to all the trials of the patient when applied for
guantifying the brain activation, and only to the trials used to thea BMI for detecting
the movement execution/attempts (see Sect®hBs$H and 3.3.6. The processing of
artifacts was done on a single trial basis: i.e., each trial was processed and marked as
clean or as contaminated, and when marked as contaminated it was discarded.

Artifact rejection based on EMG

The EMG activity was used to identify trials with undesired movements of the
arms, which might generate cortical activity that masks the activity of interest (more than
physiologic artifacts, these trials correspond to an incopextbrmance of the requested
task). This method is referred to as “EMG |
that had: (1) muscular activations in any of the recorded muscles during the rest intervals;
or (2) muscular activations in the musctdsthe opposite arm to the one requested to
move (e.g., compensatory movements with the healthy arm during the attempt of

movement of the paretic hand).

The processing of the EMG signals was as follows. First, the EMG of each trial
was highpass filteredat 20 Hz with a 4ttorder noncausal Butterworth filter. The

waveform length (WL) was computed in 200 ms windows with a sliding step of 20 ms,
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as in(RamosMurguialday et al., 2010)lhe WL values of the rest interval (i.e3,[0]

s) of each trial were averaged, and the mean and standard deviation (SD) between trials
were used to compute the rejection threshak., 3 SD above the mean. Those rest
intervals presenting WL values higher than this threshold for a duration longer than 200
ms were considered artifacts and discarded. Subsequently, the mean and SD of the non
rejected trials were computed and usecktoalculate the rejection threshold (i.e., 3 SD
above the new mean). Those trials in which this threshold was exceeded for more than
200 ms were considered as artifacts if: (1) the activation occurred in any muscle during
the rest interval (i.e.;8, 0] s); or (2) the activation occurred in any of the muscles of the

opposite arm to the moving one during the movement interval (i.e., [0, 4] s).

Artifact rejection based on EEG

Our method to reject artifacts relying on EEG activity was first presented in
(L6pezLarraz et al., 2017nd aims at eliminating the three main (physiological) sources
of contamination: eye movements, motion artifacts, and muscle artifacts. This procedure
is referred to as “EEG r ejremoval (ormdrreckon)d i nv ol v
and two steps of rejection of trials with artifacts. The influence of eye movements on the
EEG was corrected by using linear regression on the EOG data; a method that constitutes
one of the statef-the-art procedures to remove urstted ocular activity while keeping
the relevant brain informatiofJrigien and GaretZapirain, 2015; Kobler et al., 2017)
On the other hand, motion artifacts and musc
to filter the contamination while maintaining the amount of trials), and there is
disagreement in the literature abdbe effectiveness of techniques to correct these
contaminationgMuthukumaraswamy, 2013; Kline et al., 2015; Urigtien and Garcia
Zapirain, 2015) Therefore, we implemented a statistical procedure to identify trials
containing artifacts and to completely discard them. Note that not all the EEG channels
were considerkfor the identification of artifacts, but only the ones that were involved in
the corresponding analydisee Section8.3.5and3.3.69. For instance, when detecting
the attempts of movement using the contralateral EEG electrodes, only the contralateral
electrodes and their ndigors (used to reeference by Laplacian derivations) were
considered.
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Removal of ocular artifacts The horizontal and vertical components of eye
movements were removed from the EEG by using linear regression between the EEG and
EOG activities, as propogen (Schlogl et al., 2007b)This method assumes that the
measured EEG signakre a linear combination between the brain activity and the

contamination due to eye movements:
Np 00 wp 009 ()

whereXct represents the recorded EEG signals, measuredl@ctrodes during
time points; EEG;; is the actual brain activityEOGy; are the derivations of
electrooculographic activity (in our case= 2, with horizontal and vertical EOG
derivations); andbcq are the coefficients that represent the weights of the EOG
contamination of each EEG chainThe coefficientd are estimated as the product of
the autecovariance matrix of the EOG derivations and the ecosgriance between the
EEG and EOG. After that, the brain activity clean of ocular contaminations is calculated

by subtracting the weigbatl contaminations from the measured signals:

000 ® @ 0060 (2

It is possible to estimate the coefficiebtom a given segment of data and clean
such data (i.e., offline analysis), or to apply these coefficients to new, unseen data (i.e.,
for online filtering). Therefore, this method corrects the artifacts (i.e., removes the
contamination) but preserves tha@unt of trials.

Rejection of motion artifacts and muscle artifacts The rejection of these two
types of artifacts was done using a similar statistical method to the one used with the
EMG activity (see 2.4.1). Motion artifacts are generally characterigéovbfrequency
oscillations, while muscular artifacts can be observed in the EEG in high frequencies. To
capture those artifacts, we computed the spectral power in dedh kfi) and gamma
([30-48] Hz) for the rest and for the movement intervals of ¢éaah(i.e., one value per
frequency band and interval for each trial). The mean and SD of delta and gamma power
during the rest intervals were used to define the first rejection threshold (3 SD above the
mean of each band). All those trials exceeding threshold in the rest interval were
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discarded. We recalculated the rejection threshold for each band using the rest interval of
the nonrejected trials only, and also discarded all the trials that exceeded this new

threshold in any of the bands in thetrer in the movement intervals.

Artifact rejection based on EMG and EEG

The last method was the most restrictive and combined the use of both EMG and
EEG activity to identify trials with undesired movements, eye movements, motion
artifactsormusclearaffct s. Thi s met hod is referred to as
trials with undesired movements (i.e., malperformance of the task) were rejected by using
the method described in Subsectiartifact rejection based on EMGSecondly, the
remaining trials were processed with the methods detailed in Subsdéatiferct
rejection based on EE® eliminate eye movements, motion artifacts, and muscle

artifacts.

3.3.5 Quantification of cortical activity

The degree of cortical activation during motor execution and motor attempt was
guantified by computing the everdlated synchronization/desynchronization
(ERS/ERD) of the central alpha {[B] Hz) and central beta ([130] Hz) rhythms
(Pfurtscheller and Lopes da Silva, 199Bigure 3.1a displays the flowchart with the
processing steps to compute the ERS/ERD. First, the artifact rejection methods were
applied to the trials of each patient separately. Afterwards, the data of all the patients

werepooled together to study the average activation for each condition.

The EEG signals were-eferenced using small Laplacian derivations to reduce
the effect of volume conductigiidjorth, 1975) Time-frequency maps representing the

cortical activity were computed using Morlet Wavel€allon-Baudry et al., 1997n

2 The order of this sequential process (EMG rejection followeEEG rejection) was chosen to first
eliminate the trials in which the task was performed incorrectly, and then to compute the statistical parameters for
rejection of motion and muscle artifacts from the trials in which the task was performed correetlposthoc
analysis, we compared the effect of reversing this process (EEG rejection followed by EMG rejection), obtaining no

significant differences between both approaches.
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the frequency range {80] Hz, with a frequency resolution of 0.25 Hz. In these time
frequency maps, the percentage of relative power decrease with respect to atatgting
baseline ({2.5,-1] s) was calculatkto obtain the ERS/ERD patterns, and their statistical
significance was estimated using a bootstrap resampling metBmmann and
Pfurtscheller, 2006a)

For each patient and artifact rejection mettibd,mean ERS/ERD percentage in
alpha and beta frequencies was computed from thefteqaency maps of the channels
C3 and C4 (i.e., as descriptors of the-leftd righthemispheric sensorimotor cortex,
respectively). For that, the ERS/ERD values in tiegudency ranges {Z3] Hz (alpha)
and [1430] Hz (beta) were averaged in the time interval [0, 4] s. Higher magnitude of
ERD activity (i.e., more negative values) is related to higher cortical activation during
motor tasks(Pfurtscheller and Lopes da Silva, 199@hile muscular contaminations
tend to generate ERS activity. Therefore, we woulpeek that cleaner EEG datasets

display ERD values of higher magnitude.
3.3.6 Movement execution/attempt detection

Design

We implemented a procedure to classify the brain activity corresponding to rest
and movement execution, or to rest and movement attempir@ibedures were applied
separately for the healthy and the paretic hand) following our previous developments
(Eduardo et al., 2017; Lépdarraz et al., 2017)Althouch the analysis was conducted
offline, all the methodologies were applied in a pseodine manner (using sliding
windows, causal filters and autegressive models), simulating a rate setupFigure
3.1b displays the flowchart with the steps of the movement execution/attempt detection

algorithm.

We used a blockased\-fold cross validation strategy, whe¥ecorresponded to
the number of blocks recorded for each patiBntdried across patients between 4 and 6
blocks). In each fold, one of the blocks was kept apart for testing, and the rest of the
blocks were used as training dataset. When the artifactiogjenethods were applied,

they were only applied to the training datasets. For the EOG artifact removal, the
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coefficients for the regression were computed using the training data only and applied
posteriorly to the test trials, simulating an online execut

A) Quantification of cortical activity B) Movement execution/attempt detection
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Figure 3.1: Flowchart with the steps of each analy#}§ Steps for the quantification of cortical activity during the
movement execution/attempt. The whole set of trials is processed four timestki.each of the artifact rejection
methods and without artifact rejection) and the cortical activity is estimated for each of the four methods. Notice that
this procedure is performed separately for the movement executions with the healthy hand avdntenirattempts

with the paretic hand. B) Steps for the pseodtine classification of movement execution/attepmt. The set of trials
considered for training is processed four times (i.e., with each of the artifact rejection methods and without artifact
rejection) and the four resulting training datasets are used to calibrate four classifiers. The test data is validated
simuling an online processing, where parameters calculated in the training dataset are applied to the test set (e.g.,
EOG coefficients andormalization parameters). This scheme is performed adad\tross validation, where N is

the number of blocks recorded for each patient. Notice that this procedure is performed separately for the movement
executions with the healthy hand and the m@regrattempts with the paretic hand

With this procedure, we simulated different scenarios in which we process the
data for training the BMI with different artifact rejection procedures and observe the
effects on performance. The test trials with artifacsamnot rejected; firstly, to simulate

a reattime BMI use in which test artifacts cannot be predicted, and secondly, to have a
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fixed and unbiased test dataset for all the artifact rejection methods. Notice that all the
proposed methods can be appliedeattime during the BMI operation to detect the
artifacts in the test trials and, for instance, stop the feedback if an artifact is detected.
With our approach, we assume that training the BMI with clean data is sufficient to
characterize the brain actiyiof interest, and that therefore, the presence of those artifacts
in the test trials should not bias the performance.

Feature extraction

The 7%second trials (from3 to +4 seconds with respect to the movement cue)
were rereferenced using small Laplaciderivations(Hjorth, 1975) Unless otherwise
specified, the BMI was trained with the activity of the electrodes placed on the
contralateral hemisphere to the involved limb onby, C3, CP3 and P3 if the right hand
was involved; C4, CP4, P4 if the left hand was involved. Only those electrodes and their
neighbors (used for the Laplacian) were considered for the artifact rejection.

We used onsecond time windows to extract exaemlof EEG activity
corresponding to resting state and to movement (execution or attempt). The examples of
the rest class were extracted from the time inter2ald] s, and for the movement class
they were extracted from the interval [1, 3] s (since #axtion time in these patients
may be slow(Yilmaz et al., 2015) using a sliding step of 0.25 s in both cases (i.e., 5
windows of each class extracted from leadal). For each onsecond window, the
average power in the alpha {I8] Hz) and the beta ([130] Hz) frequency bands was
computed for each of the three contralateral electrodes (i.e., the feature vector of each
onesecond window included 6 valuesh& power spectral density was computed using
an orde+20 autoregressive model, with a frequency resolution of 1 Hz, based on the Burg
algorithm (Burg, 1975) The feature vectors of the training dataset were normalized to
have zero mean and unit variant@e normalization parameters (i.e., distribution mean
and variance) were stored and applied to the test set in the psaludovalidation of
the BMI.

We also aimed at understanding how the artifacts can affect the features (i.e., the

frequency bandsand the electrodes (i.e., the cortical positions) used to configure the
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BMI. Therefore, we repeated the process described above after varying the following

parameters. Firstly, we evaluated the classification by using features of the alpha band
only or thebeta band only. In these cases, only 3 features were included in the feature

vector: 1 frequency band for 3 electrodes. Secondly, we trained the classifier using the
EEG electrodes from both hemispheres (i.e., coatrd ipsilateral to the moving limb).

In this case, 12 features integrated the feature vectors (i.e., 2 frequency bands for 6
electrodes), and the six electrodes and their neighbors were taken into account for the

artifact rejection.

A linear discriminant analysis (LDA) and a support vectocimae (SVM) with
a radial basis function kernel were evaluated as representative examples of linear and
nonlinear classifierg¢Lotte et al., 2007)The comparison between a linear and a-non
linear classifier can provide relevant information to understand how they behéve wit
data highly contaminated by artifacts. A linear classifier will trace the hyperplane that
best separates between the data distributions of rest and movement. On the other hand, a
nontlinear classifier might be able to draw complex boundaries and ledmntte®
artifacts (higher power with respect to rest) and the ERD activity (lower power with

respect to rest), distinguishing them from the rest and providing higher accuracies.

Classification

The test blocks were classified simulating an online scenario. Aserund
sliding window was applied fror3 to +4 seconds on each trial (notice that the first
output was thus generated at 12=s), with the classifier generating an output every 20

ms.

The performance of the movement execution/attempt classifier was quantified in
terms of average decoding accuracy, computed as the mean between the true positive rate
(TPR) and the true negative rate (TNR). The TPR measures the success of the classifier
during the movement period, which was considered the time interval [1, 4] s. The TNR
measures the success of the classifier during the rest period, considered as the-interval |
2,0]s.
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3.3.7 Statistical analysis

Statistical analyses were performed to test if the different artifact rejection
methods had a significant influence on the electrophysiological activity and on the
performance of the <cl assi fi eGaussiaWdatawithed t he
repeated measurése., within subject comparisons), considering the artifact rejection
method as factor, and the cortical activity (i.e., ERD in C3 or C4) or the decoding
accuracy as dependent variables. Pairedipestomparisons were performed using the
Wilcoxon signel-rank test to analyze significant differences between pairs. False
discovery rate (FDR) correction was applied to control for the multiple comparisons, and
statistical significance was considered when corregtealues were smaller than 0.05.

Correlation between the percentage of discarded trials and other

clinical/ demographic/ performance variables
coefficient
3.4 Results

The average number of trials discarded for each patient by each artifact rejection
methodvaried significantly between the healthy and the paretic limb (Wilcoxon signed
rank testp < 0.05 for the three methods after FDR correction). For the movements of the
healthy hand, 29.7+21.7% of the trials were discarded if the EMG rejection was applied,
40.4+12.5% for the EEG rejection, and 59.2+15.9% for the EMG+EEG rejection. For the
movement attempts of the paretic hand, the percentages of discarded trials were
39.2+20.3% for the EMG rejection, 49.2+20.6% for the EEG rejection, and 69.5+16.08%
for the EMG+EEG rejection. The number of discarded trials did not correlate
significantly with any of the demographic data of the patients: i.e., gender, age, time since
stroke, lesion side, location of the stroke, lesion volume andN¥egér score (Spearman

correlation,p > 0.05 for the three methods and all the variables after FDR correction).
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3.4.1 Quantification of cortical activity

Effect of artifact rejection on ERS/ERD

To facilitate visualization, we rearranged the EEG data to simulate that all the
patients hathe stroke in the left hemisphere. The lateralized cortical positions of patients
with the stroke in the right hemisphere were flipped about the midline. Therefore, in
subsequent analyses and figures, the left arm is always considered the healthy ene, whil
the right arm is always considered the paretic one. Likewise, the left hemisphere of the
motor cortex (represented by C3 cortical position) was always the ipsilesional area, while
the right hemisphere (represented by C4 cortical position) correspondéide to

contralesional area.

Figure 3.2 compares the estimated brain activation after applying each of the
artifact rejection methods. The tiAfieequency mps with the eventelated
(de)synchronization patterns are shown for the movement of the healthy hand (left) and
for the movement attempt of the paretic hand (right). As can be seen, the most restrictive
artifact rejection (based on EMG+EEG; bottom panétke figure) clearly enhances the
alpha and beta ERD in both hemispheres (i.e., ipsilesional or contralesional), regardless
of the role they play with respect to the hand asked to move (i.e., contralateral or
ipsilateral). On average for the group ofieats, the contralesional electrodes showed
stronger activation than the ipsilesional electrodes. Even when the patients attempted to
move their paretic hand, the contralesional (i.e., ipsilateral) hemisphere was more active
than the ipsilesional (i.e., ntralateral) hemisphere. This may be explained by the fact
that there were more patients with lesions involving the motor cortex, and these patients
do not generally show a significant activation of the ipsilesional hemisphere during
movement attempts btihey activate the contralesional hemisphineft et al., 2004;

Park et al., 2016)

Figure 3.3 illustrates the differences in alpha and beta ERD according to the
artifact rejection method applied, and a summary of the statistic comparisons performed.
For the movements of the healthy daRigure3.3, left panel), we first analyzed the ERD
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Figure 3.2: Estimated cortical activation with each of the artifact rejection methods. Thefrixapgency maps

represent the evemelated (de)synchronization (ERS/ERD), averaged for all the patients, for each of the artifact

rejection methods. Notice that the latBzed cortical positions of patients with the stroke in the right hemisphere are

swapped, simulating that all the patients have the stroke in the left hemisphere. The percentage of ERS/ERD is

calculated with respect to the resting baselir2§, -1] s. The left gray area corresponds to the movements of the

healthy (left) hand, while the right gray area corresponds to the attempts of movement of the paretic (right) hand. Each

of the four rows indicates one of the artifact rejection methods, encircledshedipanels. The heads depict the ERD

activity of each of the 16 EEG electrodes, averaged for all the patients. The activity of the left (i.e., ipsilesional) and

right (i.e., contralesional) hemispheres is detailed by zooming the activity of C3 and Qwlshaespectively. Blue

color indicates desynchronization, while red color represents synchronization with respect to the resting baseline. The

artifact rejection methods, especially the ones based on EEG and EMG+EEG, reduce the influence of artifacts tha

cause the appearance of alpha and beta synchronization (i.e., ERS) during movement attempts, and enhance the ERD

magnitude.

of the contralateral (i.e., contralesional; C4 electrode) hemisphere. There was a

significant effect of the artifact e ] ect i on
p = 0.009), with a significant difference in the pbsic comparisons between no artifact

rejection and EMG+EEG rejectiop € 0.048); as well as an effect on the beta ERD

met hod

o f(3) all.pg a

ma g ni t%8)d=e19.q6)p = 0.0003), with significant differences in the pbsic
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comparisons between no artifact rejection and EMG+EEG rejeqgtien 0.029) and
between EMG rejection and EMG+EEG rejectign X 0.004). For the ipsilateral
hemisphere to the moved healthy hand (ipsilesional; C3 electrode), the effect on
al pha ERD was %8)e7.809 F @.0503%, alticoagh it waé for beta ERD
( %3) = 7.95;p = 0.047), with significant differences in the pbsic comparisons
between EMG rejection and EEG rejectipn=(0.003) and between EMG rejection and
EMG+EEG rejectiongd = 0.014).

For the attempts of movement of the paretic hdfgufe 3.3, right panel), we
followed the same procedure. In the contralateral (i.e., ipsilesional; C3 electrode)
hemisphere, there was a significant effect of the artifact rejection method on alpha ERD
ma g ni t%@)d=eld4.52)p = 0.002), with a significant diffence in the postoc
comparisons between no artifact rejection and EMG+EEG rejeqtien0(0007) and
between EMG rejection and EMG+EEG rejectign=(0.007); similarly, there was a
significant effect &3 =1192Zp=0.@08)aithBifghficamhagni t ude
differences between no artifact rejection and EEG rejecion(.028), between EMG
rejection and EEG rejectiop £ 0.004), and between EMG rejection and EMG+EEG
rejection p = 0.0009). For the ipsilateral hemisphere (i.e., contralesi@#aklectrode),
the effect on al ph a?3ERIN0;m=a0sl7),rdespite theé ngeani f i c an't
differences were higher than for the contralateral hemisphere (compardefpped-
right plots of the right panel irigure 3.3); whilst for the beta ERD it was significant
( %3) = 8.60;p = 0.035), although none of the pdric comparisons were significant

after correction.

Influence of each compent of the EEG artifact rejection

We also studied the influence of each of the three components of the EEG artifact
rejection procedure on the ERD: i.e., EOG removal, motion artifact rejection (based on
low frequencies-LowFreq), and musclartifact rejection (based on high frequeneies
HighFreq); and compared them with the combination of the three of them (i.e., EEG
rejection). InFigure3.4, we show the alpha and beta ERD elicited by the movement of
the healthy hand and the movement attempt of the paretic hand in the contralateral
hemisphere. For simplicity, the statistical results reported below correspond to the
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contralateral hemisphere to the involved limb. The results of the ipsilateral
hemisphere are summarizeddopplementary Figurg2.

For the healthy hand-{gure3.4, left panel), there were no differences between
thefwr compared met h 3@ s 7.86/p = 8.06f)hbat thErR Were( X
significant di f f e%3e=s t003;p -0 M018h evithasignEFidam (X
differences between EEG rejection and EOG remgval (0.046), and between EOG
removal and HighFregjection p = 0.017). For the paretic harféigure3.4, right panel),
there were significant #3)f98)pe0.020)swittbot h
significant differences between EEG rejection and EOG remqval 0.043), and
between EOG removal and HighFreqrejectipr( 0. 004) ; as wé3)Il as
= 14.16;p = 0.003), with significant differences between EEG rejection BOE>
removal p = 0.018), between EEG rejection and LowFreq rejecfion.005), between
EOG removal and HighFreq rejectign£ 0.032), and between LowFreq rejection and
HighFreq rejectiong= 0.047).

3.4.2 Movement detection

Effects of artifact rejection

Figure3.5 shows the average results for the detection of movement execution and
attempt based on the linear classiflddDA) combining alpha and beta features extracted
over the contralateral motor cortex. The figure displays the performance of the classifiers,
indicating the percentage of outputs that are classified as movement (or movement
attempt) on each time instante(j, this value should be low in the rest periods and high
in the movement periods). We considered this configuration of classifier and feature
extraction procedure as the reference for posterior comparisons. For the healthy hand
(Figure 3.5 left), there were no significant differences in accuracy between the four
met hods t o pr 0%3e=slglpt=0.63). Ror theipéretic MardiguieB.5
right), the different artifact rejection methods led to significantly different accuracies
( %3) = 9.98;p = 0.019). Poshoc comparisons revealed that training the BMI without
rejecting artifacts provided significantly higher decoding accuracies than rejecting
artifacts based on EE® € 0.022) or based on EMG+EE@ £ 0.044).
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Figure 3.4: Temporal evolvement of ERS/ERD in alpha (i.e137Hz) and beta (i.e., [180] Hz) frequencies for the

EEG artifact rejection, and for each of its components separately. Notice that the lateraliieal positions of

patients with the stroke in the right hemisphere are swapped, simulating that all the patients have the stroke in the left

hemisphereThe percentage of ERS/ERD is calculated with respect to the resting baselnel] s. The left @mnel

corresponds to the movements of the healthy (left) hand, while the right panel corresponds to the attempts of movement

of the paretic (right) hand. Within each panel, the activity of the contralateral hemisphere (i.e., contralesional for the

healthy land, and ipsilesional for the paretic hand) for alpha (upper row) and beta (bottom row) frequencies is shown.

Each plot shows the average ERD for each of the four methods, indicated by the different colors and types of line. The

results of the statisticalnalyses are indicated in the shaded panel at the bdgéimf the plots. The presence of the
ASignif.
[0, 4] s), while the horizontal blackrles between pairs indicate the pairs of methods with significantly different ERD

Di fferento panel

after correction for multiple comparisons.

When using a notinear SVM classifier, the results were very similar to the ones

indicates a

significant

observed with the linear classifier (seapplementary Figurd.3). Paired comparisons

effect

between the four artifact processing methods for LDA and SVM were conducted

(separately for each hand), showingsignificant differences between the two classifiers

in any casefd> 0.05). Therefore, all the subsequent analyses are based on doalsBé\

classifier, since it is a simpler approach than thelm@ar SVM.
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Figure 3.5: Average performance with a linear classifier (LibAsed) for the healthy (left) and the paretic (right)

hands with each of the four artifact processing methods. On each panel, the lines represent the percentagerof classifie

outputs identified as movement, averaged for all the patients, and the shades indicate the standard error of the mean.

Noticethat the values before t = 0 correspond to false positives, while the values after t = 0 correspond to true positives.

The shadeé gray area indicates the confidence interval of the chance level (alpha = 0.01), computed on the basis of

all the test trials, according tMuller-Putz et al., 2008)The results of the statisticanalyses are indicated by the

colored squares and horizontal lines in the shaded panel atthe botiog ht of the plots. The preser
Di fferento panel indicates a significant ef, welethe of arti fac
horizontal lines between pairs indicate the pairs of methods with significantly different accuracy after correction for

multiple comparisons.

Importance of the number and type of trials rejected

Discarding trials with artifacts from the traiginlataset led to average decreases
in accuracy. One could think that this is due to the reduction of the number of
observations used for training the classifier, and not to the fact that only the contaminated

trials were rejected. To avoid this possiblashyiwe conducted two analyses.

Firstly, we measured if there is a significant correlation between the percentage
of trials discarded by the different artifact rejection methods and the performance of the
classifier. We used Spearman correlation with th@ d& all the subjects and artifact
rejection methods and found no significant correlation neither for the healthyrmand (
0.11;p = 0.25) nor for the paretic hand< -0.15;p = 0.20).
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Secondly, we repeated the classification procedure but randamigaging from
the training dataset the same number of trials that were rejected by the most restrictive
method (i.e., based on EMG+EEG). This process was repeated 10 times for each fold of
each patientFigure 3.6 shows the average results for this procedure with the reduced
training dataset, compared with the training datasets without artifact rejection and with
EMG+EEG artifact rejection (as displayedFigure3.5). As for the analysis presented
in the previous section, no significant differences in performance were found between
the three procedurdsor t he h &2 E 2.20p = M33)nFbr the paretic hand,
the rejection method had a s#@rmBllipcant eff
0.017). Poshoc comparisons showed that the EMG+EEG artifact rejection led to
significantly lower grformances than if no trials were rejectpd (0.017), or if random
trials were rejected from the training dape=0.0015); while not rejecting or rejecting

random trials from the training dataset led to not significantly different reput®.05).

Healthy hand Paretic hand
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(random trials rejected to match EMG+EEG rejection)

Figure 3.6: Average performance for the healthy (left) and the paretic (right) hands analyzing the influence of the

number of trials rejected from the training dataset. On each panel, the lines represent the percentage of classifier

outputs identified as movement, eaged for all the patients, and the shades indicate the standard error of the mean.

Notice that the values before t = 0 correspond to false positives, while the values after t = 0 correspond to true positives.

The shaded gray area indicates the confidenterval of the chance level (alpha = 0.01), computed on the basis of

all the test trials, according t@Mller-Putz et al., 2008)The results of the statistical analyses are indicated in the

shade panel atthebottom i ght of the plots. The presence of the ASigni
of the method on the average BMI accuracy, while the horizontal lines between pairs indicate the pairs of methods

with significantly diférent accuracy after correction for multiple comparisons.
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Effects in the different frequency bands

When the linear classifier was trained with features of the alpha band only, the
artifact rejection method had no significant influence on performance dahehe
heal {(}y460x= 0. 20) or f of(3)*h25p=0d0).sSimilady, hand ( ¥
for the classifier trained with the beta band only, no differences between artifact rejection
met hods i n %8)ke&.1llpe A.55) norythe paxt i ¢ ABRpN066;H =X
0.88) were found.
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Figure 3.7: Interaction plots studying the effects on decoding accuracy of the artifact rejection methods and the
frequency bands used to extract the features for the BMI c
for the linear model. The vertichllack bars denote statistical significance between pairs of types of features after

correction for multiple comparisons. The whiskers on each point show the standard error of the mean.

To measure possible interactions between these features and tloe ra@jgfaion
method, we fitted a linear model, considering accuracy as dependent variable, and artifact
rejection method (4 levels) and type of features (3 levels: alpha+beta, alpha, and beta) as
factors. For the healthy hand, the type of features wagdisant factor (£,11.= 3.84,p
= 0.022), with alpha+beta configuration providing significantly higher accuracies than
alpha only p = 0.048) and beta onlp & 0.039). For the paretic hand, again the type of
features was a significant factor o = 2115, p = 2.1x10°), with alpha+beta
configuration providing significantly higher accuracies than alpha gy @.046) and
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beta only p = 1.83x1®), and alpha being also significantly higher than beta (
3.40x10°). Figure 3.7 displays the performances of alpha, beta, and alpha+beta
configurations for each of the four artifact processing methods when using the BMI for

the healthy or paretic hand.

Influence of each EEG artifact rejection component

We also evaluated the effect that each of the three EEG artifact rejection
components (namely EOG removal, motion artifacts rejection, and muscle artifacts
rejection) had on decoding accura€igure3.8 shows the results for the healthy and the
paretic hand, comparing five configurations: no artifact rejection, complete EEG artifact
rejection (as reported in the previous results), EOG artifact remolyalE6@G), motion
artifact rejection only (based on low frequeneidsowFreq), muscle artifact rejection
only (based on high frequencieslighFreq). For the healthy hand, there were no
significant dif #(&* 219,p=@&52)i For tre patielharad cthere ( x
was a significant effect on perfof@ance duc
16.24;p = 0.003). Poshoc comparisons revealed significant differences between no
artifact rejection and the complete EEG artifact rejection (aadyrreported in 3.1.5;
= 0.02), between EEG rejection and EOG remopat (0.0003), between EEG and
HighFreq rejectiong= 0.004), between EOG removal and LowFreq rejectien@.01),
and between EOG removal and HighFreq rejection ©.02).

Effectswhen using both hemispheres

Providing contingent feedback associated to the activation of the contralateral
(i.e., ipsilesional) hemisphere to the paralyzed limb during attempts of movement can
lead to motor recovery in stroke patie(famosMurguialday et al., 2013)Combining
the activity of both hemispheres can lead to higher decoding accuracies than using only
the ipsilesional onéEduardo et al., 2017despite there is no evidence supporting that

this can also facilitate recovery.

We also investigated how the artifact rejection methods influenced the movement
detection based on the activityldth hemispheregigure3.9). For this, both the artifact

rejection and the feature extraction considered the electrodes placed on the left and right
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hemispheres. In this case, we found a significant effect of the artifact rejection method
for the he*@)=tARg5pFaBakl®P) with significant differences in
performance between no artifact rejection and EMG+EEG artifact rejeptiof.0007),

and between EMG and EMG+EEG artifact rejectiprs (0.0015). For the paretic hand,
there were also significant differences in accuracy dependent on the rejection method
( %3) = 33.00;p = 3.22x10); paired comparisons showed significant défeces in
performance between no artifact rejection and EEG rejeqien(.0001), no artifact
rejection and EMG+EEG rejectiop € 0.0001), EMG rejection and EEG rejectiqgnH
0.011), and EMG rejection and EMG+EEG rejectiprr (0.0005).

Healthy hand Paretic hand
80 80
70+ 70
60 60

% Outputs classified as movement
% Outputs classified as movement
wu
(=]

40
30
20 20
-2 -1 0 1 2 3 4 -2 -1 0 1 2 3 4
Time (s) Time (s)
—— NO Art. Reject. = ——— EEG Art. Reject.
------ EOG Art. Remoyv. - LowFreq Art. Reject. ----- HighFreq Art. Reject.

Figure 3.8: Average performance for the healthy (left) and the paretic (right) hands analyzing the influence of the
different components of the EEG artifact rejection. On each panel, the lines represent the percecitzgsgifief

outputs identified as movement, averaged for all the patients, and the shades indicate the standard error of the mean.
Notice that the values before t = 0 correspond to false positives, while the values after t = 0 correspond to true positives.
The shaded gray area indicates the confidence interval of the chance level (alpha = 0.01), computed on the basis of
all the test trials, according t@Muller-Putz et al., 2008)The results of thetatistical analyses are indicated in the
shaded panel atthe bottami ght of the plots. The presence of the ASignif.
of the method on the average BMI accuracy, while the horizontal black lines betweemgiasei the pairs of

methods with significantly different accuracy after correction for multiple comparisons.
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Healthy hand Paretic hand

% Outputs classified as movement
% Outputs classified as movement

Time (s) Time (s)
——NO Art. Reject. EMG Art. Reject. —— EEG Art. Reject. —— EMG+EEG Art. Reject.

Figure 3.9: Average performance for the healthy (left) and the paretic (right) hands when the BMI was trained with

the activity of both hemishperes. On each panel, the lines represent the percentage of classifier outputs identified as
movement, averaged for all thatients, and the shades indicate the standard error of the mean. Notice that the values

before t = 0 correspond to false positives, while the values after t = 0 correspond to true positives. The shaded gray

area indicates the confidence interval of therat®level (alpha = 0.01), computed on the basis of all the test trials,

according to(Muller-Putz et al., 2008)The results of the statistical analyses are indicated in the shaded panel at the

botomr i ght of the plots. The presence of the ASignif. Di f f
the average BMI accuracy, while the horizontal black lines between pairs indicate the pairs of methods with

significantly different accuracafter correction for multiple comparisons.

3.5 Discussion

EEG recordings are a relevant tool to study neural dynamics and to develep brain
machine interfaces (BMI) for motor rehabilitation of severely paralyzed stroke patients.
The present study evidences timportance of appropriate methodologies to remove
artifacts in EEG recordings of stroke patients to obtain accurate estimations of the motor
brain activity. Firstly, removing the contaminations improves the quantification of the
EEG-cortical activation dring motor tasks. Secondly, when this activity is classified by
a BMI to detect movement (or movement attempt), artifacts can cause an optimistic bias
in the performance. This implies that training a BMI with a dataset not properly cleaned
from artifactscan weaken the link that associates brain activation and proprioceptive
feedback, which is hypothesized to be key to promote motor recdiRagnos
Murguialday et al., 2013)

Ainhoa Insausti Delgado 75



Chapter3: ERD during movement attempt in stroke patientsariifact removal analys

3.5.1 Methods for identifying andejecting the artifacts

A large variety of methodologies can be applied to try to minimize the influence
of artifacts on EEG datéCroft and Barry, 2000; Muthukumaraswamy, 2013; Uriglien
and GarciaZapirain, 2015) Several methods allow removing (i.e.frexting) certain
types of artifacts and reconstructing the EEG signals after cleaning the undesired
components. These methods are especially useful for removing eye contaminations, since
they are easy to be characterized, captured and fil{ehégilen and GarciZapirain,
2015) Among these methods, linear regression and independent component analysis
(ICA) have been proven as the most efficient ones to remove ocular affebtsgl et
al., 2007b; Klados et a009; Uriglien and Garcigapirain, 2015; Kobler et al., 2017)
although there is certain controversy about how the use of ICA may introduce additional
sources of variance to the EEG and negatively impact the signals of ifRaestex et
al., 2016) However, for muscle and motion artifacts, these techniques may not be so
effective. On the one hand, linear regression and adaptive filtering require aaeferen
signal (as for instance, the EOG activity), which is hardly available for body motions and
for all the muscles that may contaminate the EEG (e.g., shoulder, neck and cranial
muscles)Uriglen and GarciZapirain, 201% On the other hand, despite ICA has also
been used in offline analyses to clean artifactual components such as motion and muscle
artifacts, it has two limitations that hinder their direct applicability to Besed
rehabilitation therapies for patientvith paralysis. Firstly, it is not trivial to decipher what
components correspond to artifacts, and for this reason they are generally selected by
visual inspectior{Seeber et al., 2016; Wagner et al., 2016; Pereira et al.,,204ich
makes it unpractical for a BMI therapy. Secondly, wipatients try to move their
paralyzed limb, these types of artifacts can be highly correlated with the brain activity of
interest, which can reduce the capacity of the algorithm to remove the contaminations.
For these reasons, statistical methods have pesposed as a simple way of rejecting
outlier values with respect to a threshold on certain signal descriptors (e.g., amplitude,
variance, power on a frequency band, €iolan et al., 2010; Lépelzarraz et al., 2014)
This allows analyzing the EEG signals after removing the influence of motion and muscle

artifacts, among others.
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We used automated stadéthe-art methods to minimize the influence of
artifacts. The types of artifacts that we tried to detect and eliminate were: 1) undesired
movements (monitoring EMG to avoid trials with movements during the baseline
intervals or involving the limb that was &skto keep relaxed); 2) eye contaminations; 3)
motion artifacts; and 4) muscle artifacts. Eye contaminations were removed with a linear
regressior{Schlogl et al., 2007bwhile the other three types of artifacts were identified
with a triatbased statistical thresholding and rejected. The rejection based on EMG
activity identified he trials with inappropriate movements, which, if not discarded, might
affect the quantification of the cortical activiliRamosMurguialday et al., 2010)The
rejection based on EEG activity, and especially the one based on high frequencies (i.e.,
identification of muscle artifacts) was the one that contributed the most to enhance the
estimated cortical activatin, measured as the ERD. Although we cannot warrantee that
the methods we used identified and rejected all the artifacts in the signals, they are
sufficient to investigate if and to what extent the artifacts influenced the measured brain
activity.

It is nat trivial to determine what the optimal procedure is to eliminate artifacts
from EEG activity. In environments where external interferences are introduced, for
instance, by closelbop electric or magnetic stimulation, -adc studies should be
conducted tdind the best strategy that minimizes their influe(tdeffmann et al., 2011;

Walter et al., 2012b; Insauddielgado et al., 2017Physiological artifacts have different
origins, and different procedures are required to minimize them. For instance, in the
context of the present study with severely paralyzed stroke patients, muscle artifacts were
the ones affectmp to a higher extent both ERD magnitude and BMI performance.
Therefore, the rejection based on high frequencies of the EEG had the strongest influence.
Rejection based on low frequency EEG and electrooculographic activity had a smaller
impact on ERD and BMperformance. This is probably due to the fact that we based our
analyses on alpha and beta frequency bands (k8Q][Az), but also because the patients
performed a grasping task, which elicits less eye and head movements, in contrast to other
movemets such as reaching or walkifgelu and de Sa, 2013; Ibafez et al., 2014,

LopezLarraz et al., @16; Shiman et al., 20L7)herefore, the methodology employed to
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remove contaminations from EEG activity should always be carefully designed according
to the aim of the study and the particularities of the protocol to be conducted.

3.5.2 Influence on the quwification of cortical activity

We showed that rejecting trials with artifacts helps to capture more accurately the
brain activation during motor execution and motor attempt. The values of the ERD were
always higher in absolute value (since the ERD issmea with negative values
(Graimann and Pfurtscheller, 2006a$ing the most restrictive artifact rejection method
(i.e., based on EMG+EEG activity). The rejection of artifacts revealed a stronger
contralesional activation during the attempt of movement of the hand, which could not
be appreciated without removing artifacts f@fure3.2). This contrag¢sional activation
is a known phenomenon that has already been described in fMRI gttdiss et al.,

2003; Grefkes et al., 2008; Rehme et al., 20RfAdper cleaning of EEG contaminations

is a crucial step for future analyses that aim at characterizing specific brain activation
patterns after stroke. Further research could be conducted to investigate how EEG activity
varies according to the locationtbe stroke, revealing which brain structures contribute
most to the magnitude of the ERD, and complementing previous fMRI s{ludiftset

al., 2004)

Although artifacts also influenced the brain activity related to the movements of
the healthy hand, the effect was more evident for the activity elicited during the
movement attempts of the ptcehand. This probably reflects the fact that the attempts
of movement with a paralyzed limb require extra efforts that generate more frequent and
larger artifacts (e.g., head and eye movements or contractions of neck and cranial
muscles) and compensatanovements with other body parts. In general, the beta band
was more affected than alpha, presumably due to its proximity to the spectral bandwidth
of muscle activity(Muthukumaraswagy 2013) This reveals why the EEG artifact
rejection based on high frequencies contributed the most to cleaning these artifacts (cf.
Figure3.4).

The artifact rejection method based on EMG activity discarded almost 40% of the

trials of the paretic hand and 30% of the healthy hand. Interestingly, it never improved
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the measurements of cortical activity compared to not rejecting artifacts. This suggests
that the undesired movement components detected by the EMG rejection may not
significantly influence the estimated brain activity. However, this result should be
interpreted with caution. The fact that the estimations of cortical activation did not change
significantly after our EMG rejection does not imply that compensatory movements do
not affect the activity. The subjects should always be carefully instructed to avoid
compensatory activity with other limbs, and their compliance with the task should be
monitored. Furthermore, certain tasks can be more prone to cause other limbs to move
during the unsuccessful attempts; for instance, the task in this study (i.e., grasping) may
require less compensation with the trunk or with the healthy arm than a retasknt

those contaminated trials are not rejected, their processing can result in an inaccurate
estimation of cortical activation, not corresponding to the task that is under investigation
(Pineda et al., 2000)which can bias the conclusions or hamper the -BhHed
rehabilitation therapy. Stjllve observed that the combination of EMG and EEG rejection
led to slightly higher values of brain activation, although the differences were not
statistically significant (see, for instance, how in the right plots of the left pak&jwe

3.3, the black line is always more negative than the blue line during the movement period;
or how inFigure 3.2, the fourth row displays a stronger activation than the third row).
For these reasons, we would recommend researchers to carefully analyze their datasets
and identify possible contaminatiot&t may be cleaned by the proposed EMG rejection:
i.e., discarding those trials with muscular activation during the rest intervals, or activation

of the other limbs.

3.5.3 Implications for brain machine interfaces

The differences that we observed in the brabivig with the artifact rejection
methods also translated into differences in BMI classification accuracy. We already
demonstrated in a previous study that eliminating EOG, motion and muscle artifacts
decreased, in general, the BMI performa(iagpezLarraz et al., 2017)We confirmed
those results and observed that additionally rejecting the trials with undesired movements
(based on the EMG activity) did not change significantly the performance of the BMI

classifier trained with the elgcdes of the contralateral hemisphere only. Interestingly,
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when the BMI classifier relied on cortical information from both hemispheres, the
differences between artifact rejection methods were larger, especially for the paretic limb.
This is likely due tahe higher degree of contamination that we found in the ipsilateral
hemisphere during the attempts of movement. In addition, it has important implications
for BMIs using the contralesional activity to detect movement attempts of stroke patients
(Ono et al., 2014; Tangwiriyasakul et al., 2014a; Ang et al., 2015; Antelis et al., 2017,
Eduardo et al., 2017; Lopearraz et al., 2018b}kince the training data should be more

carefully cleaned to avoid biasing the classiigth artifacts.

We did not find any evidence supporting that linear or-liveear classifiers are
more prone to being contaminated with artifacts, and very similar performances were
obtained when using LDAor SVM-based classifiers. This result suppahis idea that
in this type of BMI for movement detection, the features and processing of the data have
a stronger influence than the classifier it§Blashashati et al., 2019n fact, we could
observe that combining features based on alpha and beta frequencies to train the BMI
classifier had aignificantly positive impact on performance.

3.5.4 Implications for clinical practice

Brain machine interfaces have demonstrated their efficacy for rehabilitation after
paralysistRamosMurguialday et al., 2013; Ono et al., 2014; Ang et al., 2015; Pichiorri
et al., 2015; Donati et al., 2016; Trincadmnso etal., 2017; Biasiucci et al., 2018)
However, this technology is still in a preliminary stage, and there is a great margin for
investigation and improvement before it becomes one standard tool in the portfolio of
clinical treatments for motor rehabilitan (Asin Prieto et al., 2014; Lopdarraz et al.,
2018c) The results presented in this study demonstrate, on the one hand, that rejecting
trials with artifacts from the EEG datasets helps to better dydhé& brain activity of
stroke patients during motor tasks; and on the other hand, that after rejecting the artifacts
from the training datasets, the obtained BMI performances are lower. However, it detects
significantly better the brain activity relatealthe motor task, guaranteeing a better link
between brain and muscles, shown to be key for motor rehabilitgRamos
Murguialday et al., 2013)Therefore, for an actual BMI intervention, we would

recommendleaning the training datasets with all the available information; meaning that

80



3.5 Discussion

EEG rejection should necessarily be conducted, while EMG rejection could be included
or not depending on the protocol and the availability of EMG signals.

We have shown in a evious study that drops in performance of EB&3ed
movement intention detection might be due to the presence of artifacts in the test data
(LopezLarraz et al., 2017)This suggests that when artifacts are removed from the
training datase the classifier does not learn those patterns, and therefore avoids their
possible bias in the BMI control, since it is not able to recognize them as relevant
information. The important question that arises is: What is the influence that this drop in
pefformance has in rehabilitation? To date, we can only speculate that it is not the general
BMI performance (as measured in this or in previous papers) the responsible for the
success of the therapy. More specifically, we conjecture that it is the accndate a
contingent link between the activation of the neuronal populations in the motor network
and the peripheral feedback in the paralyzed limbs what supports re¢ésekgon and
Zimmermann, 2012)As shown in this paper, artifact rejection is an efficient way to
improve the characterization of the brain activity responsible of motor commands.
Therefore,it should be able to improve the contingent association between brain and

muscles and intensify the neuroplastic and rehabilitative effects oftBsHd therapies.

3.5.5 Limitations and perspectives

In this study, we focused on quantifying the brain activatiprmeans of the
eventrelated desynchronization/synchronization (ERD/ERS) of the alpha and beta
rhythms. These EEG correlates of movement are the most widely used in BMI
rehabilitative therapies with stroke or SCI patigRamosMurguialday et al., 2013; Ono
et al., 2014; Ang et al., 2015; Pichiorri et al., 2015; Donati et al., 2016; Biasiucci et al.,
2018) Other correlates, such as the movenrefdted cortical potentials (MRCP) have
also been proposed for rehabilitative BMI systems, due to its good temporal precision
(MrachaczKersting et al., 2012, 2016dhat can facilitate Hebbian plasticity, and their
capacity to encodenformation about different movemen{Schwarz et al., 2018)
However, MRCPs require asynchronous paradigms (i.e., no visual/auditory cues are used
to guide the patients), since the use of cues reduces their amplitigev i ¢ e,t al

and they are more easily contaminated by motion artif@&stermans et al., 2014)
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Consequently, further research shoeigluate the response of BMIs relying on these
correlates in the presence of artifacts.

Despite we conducted the simulations of the BMI in a pseumdiae fashion, it
was still an offline analysis that does not all@apturing the possible artifacts or
influences that can appear during a+téak use of this type of systems. Our results help
understanding how to process the EEG datasets before calibrating a BMI for being used
in closedloop rehabilitation. Howeveduring the closedoop operation, artifacts also
occur. Some of them, such as the EOG contaminations, can be effectively filtered in real
time, while for other types of artifacts, automatized procedures for removal are not
sufficiently precise. Our approa@ssumed that having a clean training dataset is enough
to appropriately model the activity that we want to detect, so that Himeglmuscle and
motion artifacts do not bias the BMI performance. However, notice that it may also be
possible to implemdnan online system that detects the artifacts, based on the same
procedures we presented here, and completely stops the feedback when contaminations
are detected. For instance, a +@ae detector of compensatory movements with other
limbs may stop the m@ment of the rehabilitative device in a BMI therapy when the

patient activates muscles that should remain rel@&aht & al., 2014)

The BMI design that we used was rather simple in terms of the feature extraction
and the classification algorithms. We estimated the spectral power of the alpha and beta
frequencies with an aut@gressive model and used a linear discrantranalysis as a
classifier. There are several studies investigating how to optimize the feature processing
and the classification algorithm®ashashati et al., 2007, 2015; Lotte et al., 2007,
Brunner et al., 2011; Lopdzarraz et al., 2018band therefore, our approach may not be
the best available method in terwisclassification accuracy. Our motivation for using
this design was based on our previous w@&mosMurguialday et al., 2013which
proved the BMI rehabilitation efficacy (coupled with physiotherapy) efdbntingent
association between ipsilesional activity and peripheral feedback during movement
attempts in stroke patients. We hypothesize that more advanced BMI methodologies
(e.g., commorsspatial pattern@Blankertz et al., 2008; Sannelli et al., 201®)ay lead to
higher global performances, but still would be sensitive to the presence of artifacts in the

training datasets, and this might result in a poagehabilitation efficacy. However,
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3.7 Supplementary material

ID | Lesionvolume Lesiontype Lesion location
1 57931 C+S FL, PL; PrG, PoG, CR.
2 345498 C+S FL, PL, TL; SFG, MeFG, MFG, IFG, PrG, PoG
SMG, AG; MTG, ITG; CR, HCd, Cla, Clg, Clp, Pu
Th, EC, TCC, INS.
112440 C+S FL, PL; SFG, MeFG, MFG, IFG, PrG, PoG.
158213 C+S FL, PL, TL; IFG, PrG, PoG, MTG,; CR, Cla, Clg,
Clp, EC, Pu, Th.
5 235219 C+S FL, PL, TL; MFG, IFG, PrG, PoGSMG, AG; TCC,
CR, Cd, Pu, Cla, Clg, Clp, Th, EC, INS.
6 83794 C+S FL, PL, TL; SMG, PoG; HCd, CR, Pu, EC, Cla, C
Clp, Th, TCC, INS.
7 103584 C+S FL, PL, TL; SFG, MeFG, MFG, IFG, PrG, PoG; C
Th, Pu, Clg, Clp, EC, TCC.
30980 S PL; PrG; CR, ClaPu, EC, Th, INS.
97903 C+S FL, PL; MFG, IFG, PoG; CR, Cd, EC Cla, Clg, CI
Th Pu, INS.
10 10373 S CR, EC, Pu, ICp, Th.
11 19010 S Cia, Clg, Clp, EC, Pu, HCd, Th.
12 134434 C+S FL, PL, MFG, IFG, PrG, PoG, MTG.
13 C+S FL, PL, TL; MFG, IFG, PrG, PoG, SMG, MTG,
ITG; CR, HCd, Cla, Clg, Clp, EC, Pu, TCC, INS,
Th.
14 115592 C+S FL, PL, TL; IFG, PrG, PoG; CR, HCd, Cla, Clg,
Clp, EC, Th, Pu, INS.
15 S FL, PL; IFG, PrG, PoG, SMG; TCC, HCd, CR, Pu
EC, Cla, Clg, Clp, Th.
16 51050 S CR, Cd, EC, Pu, Cla, Clg, INS.
17 140212 C+S FL, PL, TL; MFG, IFG, PrG, PoG,; CR, EC, Pu, IN
18 S FL, PL; IFG, PrG, CR, HCd, Cla, Clg, Clp, EC, PU
Th, INS.
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ID | Lesion volume | Lesion type| Lesion location

19 17194 S CR, HCd, EC, Cla, CigZIp, Pu, Th.

20 4019 S CR, EC, Th, Pu, Cla, Clg, Clp.

21 63848 S FL, PL, TL; PoG, MTG, AG; Cla, Clg, Clp, Th, EC
Cd.

22 187586 C+S FL, PL; SFG, MeFG, MFG, IFG, PrG; EC, Pu, INS

23 82473 C+S FL, PL; IFG, PrG; EC, Cla, Clg, Clp, HCd, Pu, Th
INS.

24 79827 C+S FL, PL; PrG; CR, Th, Pu, Clp, EC, INS.

25 31769 S CR, Cla, Clg, Clp, Th, EC, Pu, INS.

26 27977 S Cla, Clg, Clp, EC, Pu, Th, HCd, CR, INS.

27 8838 S HCd, Cla, Clg, Clp, Pu, Th, CR, EC.

28 103191 C+S FL, PL, TL; IFG, PrG, PoGSMG; CR, HCd, Cla,
Clg, Clp, Pu, EC, Th, TCC, INS.

29 70449 C+S FL, PL; IFG, PrG; EC, Pu, Th, Cla, Clg, Clp, INS.

30 17121 S Hcd, Cla, Clg, Clp, EC, Pu, CR.

31 166160 C+S FL, PL; SFG, MeFG, MFG, IFG, PrG, PoG, SMG;

CR, HCd.

Lobes FL —Frontal Lobe, Pl Parietal Lobe, Tl=Temporal Lobe;

Gyrus: SFG-superior frontal, MeFG- medial frontal, MFG- midle frontal, IFG- inferior
frontal, PrG—precentral, SMG- supramarginal, PoG postcentral, AG-angular, MTG-
midle temporal, I'G —inferior temporal;

Subcortical areas HCd- head of caudate nucleus, GRorona radiata, P4putamen, EG-
external capsule, Ththalamus, TCG-trunk of corpus callosum, Gdcaudate nucleus, GP
—globus pallidus, INS- Insula.

Supplementary Tablg.1:

Lesion type indicates if the stroke affected subcortical areas only (S) or cortical and subeoeEsa(C+S). Lesion

Patients6 details about the | ocation

location details the areas affected by the stroke (abbreviations legend below).
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Supplementary Figurg.1: MRI lesion masks showing the lesion location ofpifiéents. Lesions are normalized and

superimposed to the Collin Holmes 27 (ch2) template of the International Consortium for Brain Mapping (ICBM).
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Supplementary Figur8.2: Temporal evolvement of ERS/ERD in alpha (i.e.13Y Hz) and beta (i.e., [180] Hz)

frequencies for the EEG artifact rejection, and for each of its components separately. Notice that the lateralized

cortical positions of patients with the stroke in the right hemisphere are swapped, simulating that all the patients have

the stroke in the left hemisphefighe percentage of ERS/ERD is calculated with respect to the resting baszine [

-1] s. The left panel arresponds to the movements of the healthy (left) hand, while the right panel corresponds to the
attempts of movement of the paretic (right) hand. Within each panel, the activity of the ipsilateral hemisphere (i.e.,

ipsilesional for the healthy hand, andrdralesional for the paretic hand) for alpha (upper row) and beta (bottom row)

frequencies is included. Each plot shows the average ERD for each of the four methods, indicated by the different

colors and types of line. The results of the statistical aeslyare indicated in the shaded panel at the betéfnof

the plots.

The presence of

t he

AsSignif. Di fferento

ERD magnitude (in the interval [0, 4] s), while the horizontal black lireta/ben pairs indicate the pairs of methods

with significantly different ERD after correction for multiple comparisons.
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Healthy hand Paretic hand

% Outputs classified as movement
% Outputs classified as movement

Time (s) Time (s)
——NO Art. Reject. EMG Art. Reject. —— EEG Art. Reject. —— EMG+EEG Art. Reject.

Supplementary Figurd.3: Average performance with a ndinear classifier (SVMoased) for the healthy (left) and

the paretic (right) hands with each of the four artifacbgessing methods. On each panel, the lines represent the

percentage of classifier outputs identified as movement, averaged for all the patients, and the shades indicate the

standard error of the mean. Notice that the values before t = 0 corresponde@(alives, while the values after t =

0 correspond to true positives. The shaded gray area indicates the confidence interval of the chance level (alpha =

0.01), computed on the basis of all the test trials, accordirfiyltdler-Putz et al., 2008)The results of the statistical

analyses are indicated in the shaded panel at the battomg ht of the plots. The presence o
panel indicates a significant effect of artifact rejectimethod on the average BMI accuracy, while the horizontal

black lines between pairs indicate the pairs of methods with significantly different accuracy after correction for

multiple comparisons.
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4. Chapter 4. Intensity and dose of neuromuscular
electrical stimulation influence sensorimotor cortical

excitability
This manuscript has been publishedlasaustiDelgado et al., 2021)

4.1 Abstract

Neuromuscular electrical stimulation (NMES) of the nervous system has been
extensively used in neurorehabilitation due to its capacity to engage the muscle fibers,
improving muscle tone, and the neural pathways, sending afferent volleys towards th
brain. Although different neuroimaging tools suggested the capability of NMES to
regulate the excitability of sensorimotor cortex and corticospinal circuits, to date how
intensity and dose of NMES can neuromodulate the brain oscillatory activity measured
with electroencephalography (EEG) is unknown. We quantified the effect of NMES
parameters on brain oscillatory activity of twelve healthy participants who underwent
stimulation of wrist extensors during rest. Three different NMES intensities were
included two below and one above the individual motor threshold, fixing the stimulation
frequency to 35 Hz and the pulse width to 300 pus. Firstly, we efficiently removed
stimulation artifacts from the EEG recordings. Secondly, we analyzed the effect of
amplitude and dose on the sensorimotor oscillatory activity. On the one hand, we
observed a significant NMES intensiigpendent modulation of brain activity,
demonstrating the direct effect of afferent receptors recruitment. On the other hand, we
described a signidant NMES intensitydependent doseffect on sensorimotor activity
modulation over time, with beloamotorthreshold intensities causing cortical inhibition
and abovemotorthreshold intensities causing cortical facilitation. Our results highlight
the relowance of intensity and dose of NMES, and show that these parameters can
influence the recruitment of the sensorimotor pathways from the muscle to the brain,
which should be carefully considered for the desigmavel neuromodulation
interventions based dWMES.
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4.2 Introduction

Neuromuscular electrical stimulation (NMES) is an electrophysiological
technique that consists of applying electrical currents on the skin to depolarize motor and
sensory nerves beneath the stimulating electr@@esgquist et al., 2011NMES has
been used as a neuroscientific tooktody sensorimotor neural mechanisms from the
muscles or peripheral sensory receptors (mechanoreceptors, nociceptors, etc.) to the spine
and brain(Collins, 2007; Carson and Buick, 2019MES has also been utilized as a
neurorehabil@tive tool to reduce muscle atrophy, and to improve muscle tone and motor
function in patients with paralysis after stralknutson et al., 2015; Yang et al., 2019)
or spinal cord injury (SCIjPatil et al., 2015)The working principle of rehabilitative
NMES is based on: 1) the direct effect on muscle tone; and 2) the activation of receptors
and sensory axons that send afferent volleys to the sensorimotor cortex, after being

processed by spinal networks and subcortical structures.

Numerous studies usingrfational magnetic resonance imaging (fMRI) and near
infrared spectroscopy (NIRS) have investigated the activity produced by NMES in
different brain structure@ampe et al., 2000; Blickenstorfer et al., 2009; Iftivielsen
etal., 2012; Schirholz et al., 2012; Wegrzyk et al., 20®se works demonstrated that
the brain activity is proportionally increased withetapplied stimulation intensity
(Backes et al., 2000; Smith et al., 2003; Schirholz €@l12) Recent experiments have
also shown that peripheral stimulation can modulate corticospinal excitability, measured
by motor evoked potentials (MERJhipchase et gl2011; Veldman et al., 2014)s the
stimulation intensity increases, there is a progressive recruitment of more afferent
receptors (i.e., cutaneous mechanoreceptors, muscle spindles and Golgi tendon organs)
that modulate spinal and cortical circuitsa different exten(Maffiuletti et al., 2008;
Bergquist et al., 2011; Golaszewski et al., 2012has been proven that the afference
provided by muscle spindles and Golgi tendon organs due to muscle contraction travels
through he spinal cord to the somatosensory cortex and can directly project to the motor
cortex (Carson and Buick, 2019)Theefore, the presence or absence of muscle
contraction elicited by NMES has a direct impact on somatosensory cortex, and

indirectly, on motor cortex excitabilitySasaki et al., 2017)The neural excitability
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depends on the modulation of nervous structures, such as spinal networks, involved in

the afferent transmission from the stimulatedsoie to the brain.

Although the effect of intensity on cortical activation and corticospinal
excitability has been investigated, the dose or energy of the stimulation has not attracted
much attention and might play a pivotal role in modulating activity of sensory regions.
There is evidence showing that the number of peripheral stimulation pulses (i.e., dose)
over time and the intguulse interval influence ongoing neural oscillations and have a
neuromodulatory effect on the somatosensory cortex affecting indirectly comiabspi
connectivity (Nitsche and Paulus, 2000; Schaworonkow et al., 2018; Zrenner et al.,
2018) The nervous system maintains its excitability within an equilibrium range through
adjustments derived from the history of neut@mdivity, preventing excessive inhibition
or facilitation (Pozo and Goda, 2010Prolonged periods of stimulationduced
excitability/inhibition have been shown to activate homastplasticity mechanisms
that drive the system towards a more inhibited/excited state, reducing the effects of the
stimulation (Gamboa et al., 2010; Andrews et al., 201Burther, a progressive
perceptual adagtion (or reduction of sensory responsiveness) has been evidenced after
prolonged intervals of peripheral vibrotactile and electrocutaneous stimulla¢iong et
al., 2005; Buma et al., 2007; Graczyk et al., 20it®)cating a neural compensation after
a perturbation of the oscillatory neural system. Therefore, it could be conceivable that
prolonged periods oNMES result in changes of neural excitability, resulting in a
rebalance of the cortical response along time.

Although most of the studies so far have used fMRI and NIRS to track slow brain
correlates, or TMS8nduced MEPs to asses corticospinal excitahilit
electroencephalography (EEG) is a powerful neuroimaging technique with high temporal
resolution that has been used to study sensorimotor processes (including sensory evoked
potentials and rhythmgBirbaumer et al., 1990; Buzsaki, 2006; Shibasaki and Hallett,
2006; Leodori et al., 2019)The sensorimotor oscillations that mainly comprise the
rolandic alpha [(#13) Hz] and beta [(:40) Hz] rhythms rhythms, have betoroughly
used to study cortical involvement during sensorimotor téResmosMurguialday and
Birbaumer, 2015; Lopekarraz et al.,, 2018a)being quantified as the evemtated
(de)synchronization (ERD/ER®Pfurtscheller and Lopes da Silva, 199@)rthermore,
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it has also been used as a feature for neuromodulation of sensorimotor neural network via
proprioception and hapti¢Ray et al., 2020; SebadnRomagosa et al., 2020)o date,

only a few studies have reported how oscillatory activity measured with EEG is
modulated by NME{Vidaurre et al., 2016, 2019; T@han et al., 2017; Corbet et al.,
2018) Understanding this process is of great importance given the relevance of EEG and
NMES for neurorehabilitation, especially for EEf@sed neurahterfaces. It is important

to note that, although the neural response can be directly influenced by every stimulation
parameter (e.g., frequency, pulse width, pulse waveform), we focused on investigating
the influence of intensity and dose of stimulatisince these are the parameters that are

usually personalized for each patient.

In this work, we acquired EEG activity from 12 healthy participants during NMES
of the wrist extensor muscles at three ddfd intensities (two below and one above the
motor threshold) to investigate the neuromodulatory effect of peripheral stimulation on
the ongoing cortical oscillatory activity, while the subjects rested in a comfortable sitting
position. Firstly, we wantedo confirm that as the intensity increases, there is a
proportional neural excitation, probably resulting from the recruitment of more afferent
fibers, which provide a greater projection of afferent volleys to the sensory cortex.
Secondly, we wanted to sess if the dose of stimulation has an effect on the magnitude
of neural excitation over time, expecting that after the stimulation has been provided

during a prolonged time, the cortical responsiveness is lower.

4.3 Materials and methods

4.3.1 Participants

Twelve ight-handed healthy participants (four females, age = 27.5£3.0 years,
height = 176.3+8.6 cm, weight = 69.8+9.8 kg) were recruited to participate in the study.
All of them signed an informed consent form. The experimental procedure was approved
by the Ethis Committee of the Faculty of Medicine of the University of Tubingen
(Germany).

Ainhoa Insausti Delgado 101



Chapter 4: Intensity and dose of NMES influence sensorimotor cortical excitability

Participants were asked to stay comfortably seated on a chair with their right arm
resting on a side table and the hand hanging with the palm facing downwards.
Neuromuscularlectrical stimulation (NMES) electrodes were placed on the-hghtd
extensors (more detailed description in secdd®4), as described ifError! No se
encuentra el origen de la referencid&igure4.la. Electroencephalography (EEG) and
muscle activity of two sensors were recorded during the experiment. The electrical
artifact recorded from the muscle sensors was used to align stimulaseindoming the
EEG signal processing.

4.3.2 Experimental design and procedure

The main purpose of the experiment was to investigate NMES neuromodulatory
effects (instantaneous and cumulative) on brain oscillatory activity. With this aim, we
compared the afferéncortical activity generated by 3 different NMES intensities.
Participants were passively stimulated, meaning that they were resting, and no volitional
motor command was generated during stimulation. Each participant underwent one
session consisting of Blocks, each comprising 18 trials. One of the three NMES
intensities was randomly assigned to each block (determination of the current intensities
explained in the sectioA.3.4, resulting in 3 blocks per intensity. A Ready cue was
presented 2.6 to 3 seconds before the NMES interval, which had a random duration
between 3.4 and 3.8 seconds. From the offset of the NMES to the next Ready-cue, a 3
secom intertrial period was introduced (sé&gure4.1b). Auditory cues announced the
beginning of each interval. The time between blocks was used as breaks, lasting around
150 s (i.e., two and a half minutes). The entire session including sdtopteéxceed 90

minutes.

4.3.3 Data acquisition

The electroencephalographic (EEG) activity was recorded with a commercial 32
channel Acticap system (BrainProducts GmbH, Germany) and a monopolar BrainAmp
amplifier (BrainProducts GmbH, Germany). The recordingtedeles were placed at
FP1, FP2, F7, F3, Fz, F4, F8, FC3, FC1, FCz, FC2, FC4, C5, C3, C1, Cz, C2, C4, C6,
CP5, CP3, CP1, CPz, CP2, CP4, CP6, P7, P3, P4, P8, 01, and 02, following the

102



4.3 Materals and methods

international 10/20 system. Ground and reference electrodes were pla¢edaad Pz,
respectively.

Muscle activity of the right forearm of the participants was recorded by an MR
compatible BrainAmp amplifier (BrainProducts GmbH, Germany) using two Ag/AgCI
bipolar sensors (Myotroniddoromed, Tukwila, Wa, USA). The sensors sglaced
laterallyto the stimulation pads (séégure4.1a), using the right collarbone as ground.
Both EEG and muscle activity were synchronously aeguat a sampling rate of 1000
Hz.

a) b) Ready Start Ready
o) o) o)
26~3s 08s 34~38s 3s
c) Sensory Motor Functional
threshold threshold threshold
L 1 |
I v : f v . A > Intensity
o o
’ T | e
T

Figure 4.1: Experimental design and procedui@) Representation of the location of stimulation electrodes and
sensors to measure muscle activity placed on riglst extensors. (b) Timeline of the 3 phases included in each trial:
preparation, NMES and intdrial period. (c) Determination of NMES intensities: low intensity as one third between
the sensory threshold and motor threshold, medium intensity as tas b@tween the sensory threshold and motor
threshold, and high intensity as functional motor threshold.

4.3.4 Neuromuscular electrical stimulation (NMES)

A programmable neuromuscular stimulator Bonestim (Tecnalia, Serbia) was used
to deliver the stimulation. Thcathode (3x3.5 cm, sealfihesive electrode) was placed

over the muscles involved in wrist extensi@xténsor digitorumand extensor carpi

ulnaris), at one third of the distance between the lateral epicondyle of the humerus and

t he Li st e rhewristtThebarodec(3x®cmasalihdsive electrode) was placed

5 cm distal to the cathode. To ensure the correct location of the electrodes, individually

determined for each participant, stimulation above the motor threshold was applied until

a completewrist extension was induced.
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The frequency of the NMES was set to 35 Hz, and the pulse width to 300 us
(Lynch and Popovic, 2008The individual intensities for each subject were obtained by
a scan of currents, starting at 1 mA and increasing in steps of 1 mA. The participants were
asked to report the initiation of the limhing sensationgi) tingling of the forearm (i.e.,
sensory threshold-STh), (ii) twitching of the fingers (i.e., motor thresheldMTh), and
(iif) complete extension of the wrist (i.e., functional thresheffd h). According to these
thresholds, the three NB& intensities (two below and one above the motor threshold)
were calculated, following the equations defined in the study of Smith and colleagues
(Smith et al., 2003)Low intensity was defined as one third between the STh and MTh;
medium intensity as two thirds between the STh and MTh; and high intensity as the FTh
(see Equations 1, 2 and 3 aR@gure 4.1c). These intensities were kept constant
throughout the experiment and the complete extension of the wrist induced by functional
stimulation was visually verified. None of the participants reported pain or any harmful

effect due to the stimulation.
Op 0EWNEOQETI MAWLYV ™ 0 YR
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4.3.5 Data preprocessing and analysis

Artifact removal procedures

One important limitation for the quantification of EEG activity during continuous
stimulation is the contamination of the signals due to the electrical currents delivered to
the body. The EEG is easily polluted by these currents, and artifact removal
methalologies are essential to properly estimate cortical activation. With this aim,
different techniques for contamination removal in invasive andimaasive brain
activity recordings have been proposed, such as interpolation, blanking or linear
regressionaference (LRRJWalter et al., 2012a; Iturrate et al., 2018; Young et al., 2018)
Blanking of the data is the most restrictive method as contaminated data are rejected and
signals that could be of interese neglected for further analysis. However, if the removal

is implemented using hardware, the artifact has less influence on the recovery period of

104



4.3 Materals and methods

the amplifier preventing it from being saturated and allows the use of other methods to
compensate for thaissing datgKent and Grill, 2012)Another approach is to linearly
interpolate the corrupted data, connecting the last point before the artifact and the first
point after the artifact. However, interpolatimuces a bias in the estimation of power
spectrum of the signal@Valter et al., 2012a)LRR rereferences the signals through
weights thaare assigned to each channel. The weights are calculated in a training block
according to the noise of each channel generated by the electrical stimulation. This
method effectively reduces artifacts, but it fixes the weights and assumes no changes in
channel noise during the intervention. So far, the feasibility of this method has only been
proven in invasive recordind¥oung et al., 2018)in which impedances are less likely

to change within sessions and are more similar among chafBelset al., 2009)
Normally, impedances deteriorate and neigeience increases throughout an EEG
session complicating the implememat of LRR in nonrinvasive recordings of brain
activity. Therefore, we implemented an alternative-sigp artifact removal method and
demonstrated its feasibility. The raw EEG signals wereppreessed using custem
developed scripts in Matlab (MathWorRkéatick, MA, USA).

Channel removal based on powire noise

During an EEG session, particularly during setup and during periods between
experimental blocks, special care is required to maintain EEG signal clean (i.e., raw data
inspection and impedance check). However, our empirical experience shows that,
sometimescertain EEG electrodes present higher contamination due to the stimulation
than others (seBigure4.2a). These electrodes present broadband artifadtsntipade
further analyses even after applying the median filter preprocessing described below. We
hypothesized that this effect might be due to degraded impedances, which occasionally
deteriorate even when during the setup were set below 5 kOhm. Desplit e store
the impedances of each electrode to check this and discard the electrodes with high
impedance, we ideated an automatized method to detect and discard them offline. This
way, we could automatically eliminate contaminated channels withoututiman bias

that would constitute a manual rejection.
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a) Contamination of channels with bad impedances b) NMES artifact removal by median filter
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Figure 4.2: Characterization of contamination induced by NMES. (a) EEG of a representative trial showing non
contaminated channels (C3, C1, CP3, CP1J ame contaminated channel (Cz) during high intensity stimulation.
Channels with bad impedances are more prone to be contaminated by electrical stimulation. (b) Zoom in 100 ms
segment of a representative EEG trial in a fuumtaminated channel that preseMMMES artifacts (red line). The

effect of stimulation artifacts is minimized by median filter (green line).

Having high impedance between the recording electrode and the skin resembles
an open circuit, where the electrode behaves like an antenna anesaptiside electric
frequencies (like the powdine noise). Our method exploits this effect and identifies the
EEG electrodes with unusually high powee noise (50 Hz in Europe). Since all the
electrodes should be approximately equally exposed tr@leagnetic signals at 50 Hz,
we assume that very high power at this frequency is an indirect indicator of high skin
electrode impedance. The procedure was applied blsdx meaning that it was used to
detect and remove contaminated channels within atthidual EEG block. The EEG
activity was highpass filtered at 0.1 Hz with & 4rder Butterworth. The power spectral
distributionat48&% 2 Hz was esti mated using Welch’s
of 1-second Hamming windows with 50% overlapping. The power mean and standard
deviation (SD) of all the EEG channels were caladafrom all trials in each block.
Channels whose power was higher than 4 SD above the mean were discarded from that
specific block. The remaining channels were used-tonepute the mean and SD. The
procedure was iteratively repeated until no channelseslad the rejection threshold (see
Figure 4.3 dashed box,Supplementary Figurd.l, Supplementary Figuré.2 and
Supplementary Tabk1).

Median filtering for removal of electrical stimulation contamination

It is well known that applying electromagnetic currents to stimulate the neural

system can introduce undesired noise to the recordings. The NMES configuration used
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in this study introduces large peaks of short latency (~5 ms) to the recorded EEG signal.
Therefore, median filtering was used to minimize the NMES induced art{lasesusti
Delgado et al., 20177 his filter is suited to eliminate higdmplitude peaks from a time
series(Gallagher and Wie, 1981) and can remove the shdatency highamplitude
artifacts caused by the NMES. A sliding window of 10 ms was applied to the EEG signal
in steps of one sample, providing as output the median value of each window. We selected
a 10 ms window ag fully covers the electrical artifacthis filter produces a frequency
dependent attenuation that follows an exponential fundtmn O to 100 Hz (i.e., the
frequency with a period that completely fits within the 10 ms window), leading to low
attenuatio at low frequencies and a complete attenuation at 100SHgp{ementary
Figure4.3). With this window size, the attenuation of the signal at 10 HH2@nd 30

Hz is 1.28%, 4.89% and 10.90%, respectively. The relatively low attenuation at low
frequencies makes this method suitable for analyzing alpha and beta sensorimotor
oscillations.Figure4.2b displays a zoomed segment of 100 ms of activity, showing the
effect of the median filter on the stimulation artifacts.

4.3.6 Quantification of brain oscillatory activity

A common average reference (CAR) was appledhe EEG signals. The-re
referenced signals were bapdss filtered at 0-45 Hz using a St order Butterworth
filter. Each block was trimmed down to (18 xs8cond trials, from4 seconds to +4
seconds, being 0 the beginning of the stimulation. The trials were down sampled at 100

Hz, and those belonging to the same level of NMES intensity pearied together.

The quantification of cortical activity was performed by evaluating the spectrum
differences of the sensorimotor rhythms, by means of the alpha and betaetateot
(de)synchronization (ERD/ERS), i.e. decrease or increase in powertgergran event
compared to a baselifefurtscheller and Lopes da Silva, 199%9rge ERD walues (i.e.,
more negative power values) represent stronger cortical activation compared to baseline
time interval, as it represents disinhibition/excitation of neural population adtRitter
et al., 2009) For the quantification of brain activity, we used the Fieldtrip toolbox
(https:/Iwww.fieldtiptoolbox.org) for Matlab. Timefrequency maps were calculated

using Morlet wavelets in the frequency range from 1 to 45 Hz, with a resolution of 0.5
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Quantification of brain oscillatory activity

¥

Channel removal

I

Median filter

l

Common average
re-referencing

|

BP filter
0.1-45 Hz

I

Trial extraction
[4, 4]s

.

Subsampling to
100 Hz

!

Time-frequency
analysis

Raw data o

-

Discard EEG
channel

HP filter 0.1 Hz ‘

|

Power of EEG
channels [43-52] Hz

Y

Compute mean and SD
powier aver all
channels

Power EEG
Ch = Mean
power + 450 7

EEG channels with
geod impedances

____________________________________________

Estimation of

13] Hz and beta
[14-30] Hz

power in alpha [7-

—|—| Maon-stimulation [-3, -1] 5 |

—+ LowNMES[05,25]s |

—

Med. NMES [0.5, 2.5] s

| HighNMES [0.5,2.5]s |
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somatosensory evoked potential) at t=0. For the topographical inspection and the
descriptive analysis of the entire brain activity, all EEG channels were analyzed
individually. For the quantitative analysis, we calculated the mean change in power of
channels C1, C3, CP1 and CP3 (i.e., area over the sensorimotor cortex representing right
forearm, contralateral hemisphere to the stimulated limb), since we considered that
averagedvalues over these electrodes could better quantify the overall changes in the

sensorimotor areas.

4.3.7 Statistical analysis

The statistical tests were performed in IBM SPSS 25.0 Statistics software (SPSS
Inc., Chicago, IL, USA) and Matlab. We used the Shapiitk test to determine the
normality of the data. Accordingly, a multivariate analysis of variance (MANOVA) for
repeated measures was performed to find differences in the dependent variables, alpha
and beta ERD/ERS, with NMES intensity (4 levels: no stitmta low, medium and
high intensity stimulation) as withisubject factor. In order to determine the origin of the
significant effect, poshoc tests with Bonferroni correction were performed.

In order to analyze whether NMES can induce a -dffet, westudied the
ERD/ERS changes over time. For that, we computed the alpha and beta ERD/ERS for
each single trial (i.e., in Eqg. Bj was the alpha/beta power of each trial during the NMES
period, and the baseline was calculated from the grand averagehs aihls of each
intensity). A linear regression was estimated for the ERD/ERS values over trials for the
two frequency bands (i.e., alpha and beta) and the three NMES intensities (i.e., low,
medium and high). Correlation between ERD/ERS and sequetred®Were calculated

using Pearson’s correlation coefficient to

4.4 Results

4.4.1 Effect of artifact removal

The preprocessing of the data eliminated satisfactorily the electrical noise
contamination coming from the peripheral electrical stimulation. It reduced the effect of
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the artifacts to an extent that allowed us to perform EEG spectral analysis of the brain

oscillatory activity.
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Figure 4.4: Comparison of cortical activation after median and spatial filtering. Firaquency maps averaged over
all participants, representing ERD/ERS, of the average of char{@ds C1, CP3, and CP1) located over the

contralateral sensorimotor cortex to the stimulated limb. Averagedftiegeiency maps without median filter (left
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column), with median filter (center column), and with median and CAR filter (right column) aftevalenfo

contaminated channels. Rows show the different NMES intensities: high (upper row), medium (middle row), and low

intensity (

aligned with the onsaetdf the stimulation.

Channels with good impedances are also influenced by the electrical stimulation
artifact that is introduced into the signal as large pehaiigsire4.2b illustrates in a 100
ms segment of a representative trial how the median filter deals with these undesired

artifacts. To prove the efficacy of the method, we focused on the-eamstscenario, as
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the contamination is larger for higheinstilation intensities. This effect can be observed

110

comput



4.4 Results

in Figure 4.4, which depicts the EEG tirfieequency activity at the different NMES
intensities including artifacts, and after the median and spatial filters are applied. The
NMES generates an increase of powor ERS, around 35 Hz (i.e., the stimulation
frequency), which increases as the NMES intensity is incremefigdré 4.4, left
column). This power inease in higibeta/lowrgamma band due to stimulation artifact
was eliminated for all intensities after median filtering. Applying the median filter did
not change the power in alpha and beta frequencies before the stimulation onset (t = 0 s),
but eliminatel the ERS during the stimulation period, minimizing the artifacts and
revealing the alpha and beta modulation. The common averagierence (CAR) after
median filtering enhanced the power decrease of the bands of interest for every NMES
intensity, as idoes with norcontaminated EE@WVolpaw et al., 2002b)Regardless of

the intensity delivered, the initiation thfe stimulation generated timand phaséocked

activity (i.e., eventelated potentialERP), presumably due to the sensory processing of
the NMES(Reynolds etla 2015) This can be seen as power increase at low frequencies
(1-5 Hz).

4.4.2 Influence of stimulation intensity on cortical activation

To analyze the influence of stimulation intensity on cortical activation, we
compared the changes in brain oscillatocsivaty in four conditions: nosstimulation,
low, medium and high intensity stimulation (see topoplots of alpha and beta rhythms in
Figure4.5). Topographic maps of nestimulation condition were calculated using the
interval (-3, -1) s prior to the stimulatic
the interval (0.5, 2.5) s after stimulation onset. An increment of the stimulation iptensit
resulted in an increasing ERD (i.e., larger decrease in power) in both frequency bands
over the sensorimotor cortex as expectBdckes et al., 2000; Smith et al., 2003;
Schirholz et al., 2012Wwhile occipital areas showed idling activity. At high intensity
stimulation, the sensorimotor cortex of both hemispheres presented a decreaser of pow
being more pronounced in the contralateral hemisphere, as demonstrated in previous
work studying brain oscillatory signatures of motor tafRamosMurguialday and
Birbaumer, 2015)
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Our MANOVA analysis reflected a significant effect of intensity on alpha and
beta ERD (6, 86) = 4.356p = 0.001). Rightmost panels iigure4.5 display the results
of the posthoc comparisons. For both alpha and beta, there was a significantly higher
ERD (i.e., more negative power values) induced by high intensity NMES compared to
rest = 0.004 for alphgp < 0.001 for beta), to low intensity NMES £ 0.013 for alpha,
p = 0.004 for beta) and to medium intensity=0.045 for alphap < 0.001 for beta
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Figure4.5: Comparison of cortical activation for different stimulation intensities for alpha and beta band EEG activity.

Topographic maps, averaged over all participants, showing ERD/ER®nes t i mul ati on periods (T3,
NMES periods (0.5, 2.5) s belonging to each intensity (i.e., low, medium, and high) for alpha (upper row) and beta

(lower row) frequency bands. Bar graphs show the mean percentage of ERD/ERS averaged from char@kls (C3

CP3, and CP1) for each intensity and frequency band. The statistically significant differences between pairs are
expressed with horizont al lines and stars. The percentage

T1.5) s .lsaiklprecessed gsmgthe tstep procedure (i.e., removal of contaminated channels and median
filter) and a CAR.

4.4.3 Stimulation doseffect

To study the influence of stimulation dose on cortical activity, we computed the
ERD/ERS of each single trial and rfigmed a regression in time within session
appending same stimulation intensity blocks in order of appearance (blocks of different
intensities were presented randomllyigure 4.6 shows the average ERD/ERS for all
participants in both frequency bands during the 54 trials (3 blocks x 18 trials, see vertical
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yellow lines) for each intensity and a linear regression to fit them. We also performed
regressias over time within each block with consecutive trials (Sepplementary
Figure4.4).

The first thing we observed is a clear modulation based on stionylaeducing
its variability with stimulation amplitude. Low and medium intensities caused a
significant reduction of alpha ERD over tinpe<7.8e4 for low; p = 0.0053 for medium).
In contrast, high intensity caused a significant enhancement of b&ta¥R time p =
5.12e5). Furthermore, as can be seerFigure 4.6, we observed that in every block
(separated by yellow vertical lines) there is a reduction of the ERD (increase of power
plotted as linear regression$upplementary Figuré4) progressively induced per trial
from the first to the last trial. The first trial of the new block presented a larger ERD
(decrease of power) in comparison to theDE® the last trial of the previous block

(irrespective of the stimulation intensity and order of the block within the session).
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Figure 4.6: Comparison otortical activation over trials for alpha and beta bands. The cortical activity during NMES

period [(0.5, 2.5) s] quantified as ERD/ERS over the 54 trials for each stimulation intensity, divided into blocks by

vertical yellow lines, and averaged for alktiparticipants. The percentage of ERD/ERS is calculated according to the
baseline (172.5, 1T1.5) s. Different intensities are compa
Alpha (upper row) and beta (lower row) frequency bands are itestrSignificant correlations between ERD/ERS

and sequence of trials over session are represented with black solid linear regressions.
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4.5 Discussion

This study demonstrated the significant effects of artifacts, intensity and dose of
neuromuscular electricatimulation (NMES) of the upper limb on the ongoing brain
oscillatory activity recorded using EEG. First of all, we dealt with the issue of artifact
removal to allow accurately estimating the cortical oscillatory activity. Recordings of
brain activity aresasily polluted, especially when electrical stimulation interacting with
the nervous system is concurrently used. This contamination can negatively affect the
signal to noise ratio, covering the brain activity. Our findings evidenced that the median
filler enhanced the detection of sensorimotor oscillatory activity after removing

stimulation artifacts.

After the EEG data was cleaned, especially of NMificed artifacts, we
analyzed the modulation of alpha and beta oscillations produced by the stimulation.
Power suppression, or desynchronization, of these frequencies has been associated with
cortical excitation, whereas synchronization reflects a state of inhifiklonesch et al.,

2007) During high intensity NMES, the induced desynchronization in alpha and beta
was significatly larger than during stimulation at low or medium intensities or no
stimulation. While belowmotorthreshold stimulation intensities only activate cutaneous
mechanoreceptors (e.g., Pacinian corpuscles and Merkel disks) and sensory axons,
stimulation abog the motor threshold also recruits proprioceptive receptors (e.g., muscle
spindles, Golgi tendon organs and joint affere(i&ffiuletti et al., 2008; Bergquist et

al., 2011; Golaszewski et al., 201%)has been proposed that sole spindles transmit
inputs to the spinal cord and can directly influence the motor cortex (M1) through the
area 3a, while the projections from area 3b activated by cutaneous feedback to M1 are
less likely to happeriCarson and Buick, 2019We can therefore assume that high
intensity NMES leads to higher neural excitation, probably by recruiting a larger number
of reeptors derived from muscle contractions, in addition to the cutaneous and sensory
fiber afference that is also engaged in sensloryshold stimulation, and that the
recruitment of muscle spindles results in activation of M1 via area 3a of the
somatosensgrcortex (S1)Schabrun et al., 2012; Carson and Buick, 20IBg¢se results

of intensitydependent brain activat are in line with corticomuscular respongggsaki
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et al., 2017) metabolic respaes recorded by functional magnetic resonance imaging
(fMRI) (Backes et al., 2000; Smith et al., 20680 neatinfrared spectroscopy (NIRS)
(Schirholz et al., 2012which demonstrated a direct quantitative association with
stimulation intensity. Noteworthy, our results showed that the cortical activity measured
with EEG, quantified asventrelated (de)synchronization (ERD/ERS), during low and
medium intensities was not significantly different to no stimulation. This suggests that
below motorthreshold NMES might not recruit enough afferent fibers to induce
significant cortical modulatio, and that more afference (probably through muscle
contraction, proprioception due to the movement and a larger number of sensory fibers
recruited) is required to transmit more information that reaches the brain and is
measurable in the EEG at the anatyaequencies.

It is well known that during voluntary movement, a stronger cortical activation is
seen in alpha than in betdopezLarraz et al., 2014; Ramddurguialday and
Birbaumer, 2015)Such modulation in alpha and beta cortical activity has been related to
the control of topdown and bottm-up neural processes, suggesting its role in the
integration of motor tasks preparation and execution with moverakxted sensory
feedback. However, this balance between alpha and beta rhythms is altered in absence of
top-down regulation. Passive moladitions (e.g., bottorap transmission) exhibit
stronger beta band activity compared with active movements, indicating the relationship
of this frequency band with proprioception without volitional muscle contraftieyre
et al., 2002; Rameblurguialday ad Birbaumer, 2015)and thus the inhibitory effect of
top-down neural control in this frequency. In this study, the peripheral electrical
stimulation at the functional intensity level not only generated passive movement of the
limb, but also notvolitional contraction of the forearm muscles. This stimulation
intensity induced a significant brain activation in beta frequency band, suggesting that
this change might be comprised by two components: proprioception and afference of
muscle contraction (withouvolition) through Golgi tendons and muscle spindles.
Therefore, our results give a hint of the relevance of beta rhythm on bogtom
neuromodulation (i.e., afferent neural excitation). In agreement with previous studies, we
can speculate that there miglet ¢hfferences in the afferent modulation between passive
movements and functional electrical stimulat{&nancis et al., 2009; Iftimblielsen et

Ainhoa Insausti Delgado 115



Chapter 4: Intensity and dose of NMES influence sensorimotor cortical excitability

al., 2013. Whereas NMES over the motor threshold recruits afferent axons from muscle
spindles, Golgi tendon organs and cutaneous recdMar§uletti et al., 2008; Bergquist

et al., 2011; Golaszewski et al., 201@plgi tendon organare less sensitive to passive
movements and discharge léBaillard and Brougon, 1968; Purves et al., 2004nd

the firing rate of the muscle spindles is muscle lengthening depd@ism et al., 2010)
However, it cannot be concluded whether our functional NMES induces stronger beta
activity than passive movements singe did not include the latter condition in our

experimental protocol.

We tracked changes of the EEG sensorimotor oscillatory activity and evidenced
that NMES induced a dossfect on the activation patterns over time. To minimize the
muscle fatigue due tdMES, we defined a low stimulation frequency as described in the
literature(Gregory et al., 2007; Barss et al., 20a8Y let norstimulation periods to the
muscle tissue to recover. However, we are aware that our results might be limited by
muscle fatigue and that the stimulation parameters (aitpe width) could be optimized
to recruit central pathways and reduce fatigabil®pllins, 2007) Regardles®f the
stimulation intensity applied, both alpha and beta bands presented-tesmareduction
of ERD (reduction of brain excitatory effect of NMES) between consecutive trials within
a block, showing that the ERD response of a specific trial dependéte girevious
stimulation. This reduction of ERD vanished at the beginning of every new block,
demonstrating the ability of the sensorimotor oscillations to reset its excitability after the
~2-minute interblock period. However, the overall activity throwgh the session
depicts that longerm effects survive temporary resets and exhibits a-elifset over
time, suggesting a conditioning effect. Despite the discontinuities due tebiotér
pauses that could limit the significance of our results, we vbddlifferent longterm
modulatory responses between sensorimotor oscillationalpha and beta bands

conditioned by the stimulation intensity.

For sensonthreshold intensities (i.e., low and medium), the power in alpha band
was significantly reduced throughout the session, suggesting a habituatiofLeftec
et al.,2005) NMES at sensorthreshold recruits cutaneous receptors and sensory axons
(without eliciting any muscle contraction or movement) that activate spinal pathways and

provide sensory afference to the bréimaffiuletti et al., 2008) It has been evidenced
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that alpha band is relevant for information processing of attention and awgi¢&iedsl|

et al., 2011;Klimesch, 2012) and we speculate that the repeated activation of
functionally irrelevant sensory afference (i.e., cutaneous and sensory axons afference in
absence of movement) results in inhibition of the sensorimotor oscillations in alpha. A
progrestve habituation or desensitization (i.e., reduction of perceived sensation) of
sensory perception is also presented after prolonged vibrotactile and electrocutaneous
stimulation(Graczyk et al., 2018Wwhich is slower at high stimulation intensiti@uma

et al., 2007) This desensitization might be caused by a hyperpolarization of axon
membranes (i.e., increasing membrane inhibition) controlled by the activity -6f Na
pump thatprevents the membrane from excessive excitation due to the repetitive
electrical stimulatioriKiernan et al., 2004; Nodera and Kaji, 20@Bhe can hypothesize

that thedesensitizatiorof sensory perception and habituation of alpha band might be
connected somehow. However, we aatnconclude whether attention shifts over time
could also induce the habituation in alpha oscillations, althougksigoificant fMRI
responses have been reported in S1 when comparing different attention levels combined
with sensonthreshold stimulatioiBackes et aJ 2000)

The modulation of beta power due to stimulation at functithvaishold intensity
incremented with time, indicating an excitatory effect on the sensorimotor neural
network. This result contrasts with what we initially expected, that is a loarécal
responsiveness after prolonged stimulation. Beta oscillations have been related to the
neural transmission from the primary motor cortex to the muscles and back to the motor
cortex, via afferent sensory pathways, spinal cord and somatosensery(&ommann
and Prut, 2015; Khademi et al., 2018his closedoop neural network provides the
sensorimotocortex with information of movements, comprising the muscles and joints.
NMES at functional intensity recruits proprioceptive receptors (e.g., muscle spindles,
Golgi tendon organs and joint afferents) in addition to cutaneous mechanoreceptors
(Maffiuletti et al., 2008; Golaszewski et al., 2012ne plausible explanation of our
results is that the activation of this larger number of receptors keeps the aforementioned
loop workingand results in higher excitability of the network over time. Hunaes
constantly performing motor tasks, and movement drives our behavior and has driven our

nervous system development/e can speculate that functionally relevant afferent
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information exdes the sensorimotor cortex, while afferent information not related to

movement (i.e., sensory axons activation and mechanoreception due to low and medium
NMES) might not be considered “relevant”™ and
excitability (Schabrun et al., 2012 onsequently, stimulation above the motor threshold

has been proposed to result in improvements of motor function due to the secondary

afference coming from muscle contractions and joints feedback, in addition to the

primary sensory afference by NME@le Kroon et al., 2005)All this highlights the

different effect when muselcontraction and proprioception together with afference of

sensory receptors enrich afferent activity (probably due to their ecologically relevant role

in sensorimotor function), indicating that habituation or attention shift during a

movement is less lédy to occur due to its functional role in sensorimotor function.

To the best of our knowledge, this is the first time a sensorimotor cortical
facilitation and inhibition effect due to NMES has been measured using EEG and
characterized as presenting significant intersatyd doseeffects, which occurred in a
short peria of time. We patrticularly focused on these stimulation parameters because in
NMES-based rehabilitative interventions other parameters are usually fixed, while
intensity and dose are modified. EEG is a widely used neuroimaging tool and, thanks to
its goodtemporal resolution, has a great potential in the context of neurorehabilitation,
especially in EEQuided neural interfaces. Understanding how NMES parameters, such
as intensity and dose, can modulate the excitability of cortical oscillations measured by
EEG could be clinically relevant. For instance, NMES could be used for regulating
rolandic alpha since motor recovery has been related to an enhancement of this activity
(Tangwiriyasakul et al., 2014b; Ray et al., 2Q208)could be integrated in rehabilitative

neural interfaces that are controlled by sensorimotor oscillations.

We are aware that to be able to deepen into the neural mechanisms involved in
the transmissin of volleys from the muscle to the brain, we would need additional and
more complex measurements to characterize the afferent pathways (including different
reflexes, cortical and subcortical motor evoked potentials, or sensory evoked potentials).
Investgating how intensity and dose of NMES can affect other EEG features, such as
phase, connectivity or lodrequency oscillations, could also complement the here

presented results. Further work should disclose whether more functional afferent activity
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(including proprioception and muscle contraction) is needed to increase functional
plasticity and modulate sensorimotor function (e.g., corticomuscular synaptic efficacy,
cortico-cortico functional connectivity, etc.). The effect of ongoing activity and other
stimulation parameters (i.e., pulse width, pulse form, frequency and energy) need to be
carefully studied(Kampe et al., 2000; Wegrzyk et al., 201probably based on
computational neuroscience and bioelectromagnetic modeling, to understand their effect
in excitatory and inhibitory mechanisms. Nevertheless, the presented resuls®steed

light onto the neuromodulatory effects that can be investigated and exploited using
NMES.

4.5.1 Study limitations

First, the main limitation of the current study is that the utilized neuroimaging tool
only allowed udo characterize excitatory changes of the sensorimotor cortex. However,
we cannot conclude that other subcortical structures, such as the spinal cord, might also
be modulated by the stimulati@Mang et al., 2011)and in turn, affect the inputs arriving
to the cortex. Nevertheless, we assumedbaexperimental paradigm ensured a constant
state. Second, among the wide range of stimulation parameters (i.e., current intensity,
frequency, pulse with, waveform, etc.) that could be tuned to modulate the neural
excitability, we focused on the effedtaurrent intensity and the results of this study are
limited by the stimulation parameters selected. Although there is evidence showing that
using larger pulse widths and higher frequencies to recruit central pathways through
sensory axons might have agter neural impag¢Collins, 2007; Lagerquist and Collins,
2010) we defined our stimulation parameters within the ranges that have already been
used for rehabilitation of motor function in paralyzed pati¢@sandt and Hummel,

2014; Knutson et al., 2015; Gan and Buick, 2019)Third, despite following the
experimental protocols of Backes and colleagiBeckes et al., 200(gnd Smith and
colleaguegSmith et al., 2003)the absence of arm fixation and objective measurements
of wrist extension makes difficult to ensure that the different trials had the same effect on
the neuromuscular system over time, especially as muscle fatiguegsexjrelowever,

we assumed that our experimental protocol regarding electrode size, careful electrode

placement, and visual inspection for clean and consistent wrist extension over time

Ainhoa Insausti Delgado 119



Chapter 4: Intensity and dose of NMES influence sensorimotor cortical excitability

minimized the variability of the results. Fourth, not including thedd@mns of passive

wrist extension (without simulation) and higttensity NMES with the arm fixed in our
experimental design also limits our results. Since we cannot isolate the afference
contribution of the joint movement, muscle contraction, and serssany activation, it

is not possible to disclose which components contributed more to the regulation of brain
activity during NMES. Finally, due to the differences in the afferent projections to the
cortex from distinct muscle groug#lang et al.,, 2011)we cannot assume that the
interpretations teen from our results could be generalized to other muscles. Altogether,
further research should address these issues to better understand the neuromodulatory
effects of NMES.
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Supplementary Figuré.1: Estimation of poweline noise for channel removal. The barplots repre¢lee powetline

noise in each EEG channel for every block of a representative subject. The green, orange and red color of the bars is
associated with low, medium and high NMES intensity, respectively. High-fiogvapbise was as an indicator of bad
impeadance and bad electrogskin conductivity. We proposed a method based on the removal of the channels that
exceeded the mean EEG power + 4 standard deviations. In this particular subject, O1 was rejected from all the blocks,
and P8 from block 8 and block 9
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Supplementary Figuré.2: Estimation of poweline noise for channel removal. The barplotpresent the powdme

noise in each EEG channel for every block of a representative subject. The green, orange and red color of the bars is
associated with low, medium and high NMES intensity, respectively. High-fiogevabise was as an indicator b&d
impedance and bad electrodkin conductivity. We proposed a method based on the removal of the channels that
exceeded the mean EEG power + 4 standard deviations. In this particular subject, all the channels in every block

satisfied the inclusion crit&.
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Block 1 Block2 Block3 Block4 Block5 Block6 Block7 Block8 @ Block 9
Subject 1 FP1, FP1 FP1 FP1 FP1 FP1 FP1 FP1,F7 FP1,C5
FC3
Subject 2 FC1 FC1 FC1, FC2 F4, FC2  FP2, FP2, FP2, FP1,
FC2 F4,FC2 FC2 F4, FC2 | FP2,
F4, FC2
Subject 3 FP1,
FP2
Subject 4 Cz Cz Cz Cz Cz Cz Cz
Subject 5 Fz Fz Fz Fz Fz Fz
Subject 6 o1 01 o1 01 o1 o1 o1 P8, 01 @ P8,01
Subject 7
Subject 8
Subject 9
Subject 10
Subject 11 Fz Fz Fz FP1,
FP2, Fz
Subject 12 Fz Fz Fz Fz

Supplementary Tabk1: Channel removal according to the powgre noise. We proposed a method based on the
removal of the channels that exceeded the mean EEG power + 4 standard deviations. The table shows the list of the

channels that exceeded the rejecting threshold for estdgject in each block
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Supplementary Figuré.3: Attenuation of median filter. The median filter induces an exponential attenuation of the
signal, which is frequency dependent. This filter attenuates from 0 (no attenuation) to the inverse of the selected window
length of the filter; in our case the vdaw of 10 ms produces a total attenuation at 100 Hz. As an example, the
attenuation at 10 Hz, 20 Hz and 30 Hz is 1.28%, 4.89% and 10.90%, respectively
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Supplementary Figuré.4: Comparison of cortical activation over trials for alpha and beta band. The cortical activity
during NMES period [(0.5, 2.5) s] quantified as ERD/ERS over the 54 trials divided into blocks by vertical pelow li

of each stimulation intensity, averaged for all the participants. The percentage of ERD/ERS is calculated according to
the baseline-@.5,-1.5) s. Different intensities are compared in columns: low (left), medium (middle) and high (right).
Alpha (uppe row) and beta (lower row) frequency bands are described. Significant correlations between ERD/ERS
and sequence of trials over session are represented with black solid linear regressions. Within block significant
correlations are displayed by magenta ddinear regressions. Tables show the correlation (R), slope (m)-aatlp

(p) for every block and session.
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5. Chapter 5:Quantifying the effect of trarspinal

magnetic stimulation on spinal excitability

This manuscript has been publishedlasaustiDelgado et al., 2019)

5.1 Abstract

During the last decades, spinal cord stimulation (SCS) has attracted much
attention dued its capability to modulate the motor and sensory networks. The potential
of this technique has been proved, and several investigations have focused on applying it
for restoringower-limb function. The majority of SCS approaches are based on electrical
stimulation, and few studies have explored magnetic fields forimaasive SCS. This
paper presents a tragpinal magnetic stimulation (dS) protocol and studies its effects
on spinal circuits with seven healthy subjects, considering central and pakipdrous
systems. Motor evoked potentials (MEP) and tigmisal motor evoked potentials {ts
MEP) were assessed before and after tHdSsintervention to characterize excitatory
responses. After the intervention, we found an increase of almost 30%idtstically
significant) in MEP amplitude, but no changes wMiSP amplitude. Further research is
required to confirm, in a larger population of subjects, the potential of this technology,
which could be used to improve rehabilitation therapies foremat with motor

disabilities.

5.2 Introduction

Much research in last decades has focused on the neuromodulation of the
excitability of spinal cord neural circuits for rehabilitation of patients with motor
disabilities, such as spinal cord injury (S@Hjofstoetter et al., 2014; Minassian and
Hofstoetter, 2016a) Spinal cord stimulation (SCS) has appeared as a powerful
technology toinduce changes in the spinal circuidmmermann and Jackson, 2014;
Alam et al., 2017)which could result in motor recovery of patients with motor
impairmentgAngeli et al., 2014; Grahn et al., 201Therefore, there is a considerable
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increasing iterest in understanding how the stimulation interacts not only with spinal
networks, but also with cortiemuscular circuits, in order to design optimal SCS

interventions for rehabilitation after paralysis.

Numerous investigations based on electrical datman, both invasive (i.e.,
epidural)(Angeli et al., 2014; Grahn et al., 20%af)d norinvasive (i.e., transcutaneous)
(Hubli et al., 2013; Hofstoetter et al., 2014; Powell et al., 2048ye evidenced the
capdility of SCS to neuromodulate the spinal networks. Magnetic stimulation has also
been presented as a Aowasive approach to stimulate the spinal circ{Matsumoto et
al., 2013)and an adequate protocol design of repetitive ispimsal magnetic stiulation
(tsMS) demonstrated facilitation of locomoti¢@erasimenko et al., 2010; Sasada et al.,
2014)

However, little is still known about how the-MS affects spinal circuits and
interacts with the central and peripheral nervous system. So far, few studies have
addressed this gstion, and they mostly investigated the effects of stimulation on
peripheral reflexegNielsen and Sinkjaer, 1997; Knikou, 2013Fjilling this gap of
knowledge is of great relevance since it would help us to understand the effects of
electromagnetic stimulation on sensorimotor neural networks and lead us to design better

rehabilitation therapies based orM$ for lower-limb impaiment.

In the present study, we aim at evaluating the effect-bf3sn the excitability
of spinal neural networks and its influence in corgpmo-muscular tracts. For this
purpose, we recruited 7 healthy subjects who underwent one sessigviSf lts order
to characterize the neurophysiological effects of the stimulation on central and peripheral
nervous system, motor evoked potentials (MEBsY transspinal motor evoked
potentials (tdMEPs) were recorded before and after the intervention (0 min and 30 min

after finishing the stimulation).

136



5.3 Methods

5.3 Methods

5.3.1 Subjects

Seven healthy subjects with no neurological disorders and full leg mobility were
involved in one experimental session. The study was conducted at the University of
Tubingen (Germany), and ethical approval for the experimental procedure was provided
by the ethics committee of the Faculty of Medicine of the University of Tubingen. All
subjects gave written informed consent before participating in the study.

5.3.2 Experimental design and procedure

The subjects were asked to sit comfortably on a chair with their back straight, and
their knee and ankle joint angles at 120° and 90°, respectivaintdwing the body
posture during all the session, especially during the measurements, is essential for the

robustness of the measurements, and the subjects were requested to keep it.

The subjects underwent an intervention of trgpimal magnetic stimulion (ts
MS), and electrophysiological assessments were conducted before and after to measure
the effects of the stimulation on the excitability of the motor networks. The intervention
consisted of 20 trials, which started with 7 seconds without stimal&titowed by 5
seconds with stimulation. In total, the intervention lasted 4 minutes, from which 1 min
40 sec corresponded to stimulation (2000 pulses delivered in total). The subjects were
instructed to be relaxed during the whole intervention, witheufopming any motor
command. For the electrophysiological assessments, motor evoked potentials (MEP) and
transspinal motor evoked potentials (4EP) were recorded. These assessments were
conducted three times, one before the intervention (Pre), oneafightoncluding the

intervention (Post0) and one 30 min afterwards (Post30).

5.3.3 Transspinal magnetic stimulation (tdS)

Given the unnatural (and sometimes unpleasant) feeling thé® tsan induce,

and to ensure that all the subjects could bear the stiion) all of them performed a
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familiarization session of #1S one day before the experiment. The stimulation setup
consisted of a circular coil (90 mm diameter powered by a Rapid2 magnetic stimulator
(MagStim, UK). Before starting the session, the expeniter localized and marked the
vertebrae from T12 to L5 following anatomical landmarks. The coil was centrally placed
over the midline of T12 and moved downwards in steps of one vertebra. Single pulses
above the motor threshold were applied in each locaand the spot eliciting largest
evoked potentials in the right soleus muscle was selected and marked as hotspot for the
experiment. The motor threshold (Mth) for each participant was defined as the minimum
stimulator output intensity required for indogiat least 5 evoked potentials of at least

50 mV out of 10 consecutive stimuli on the selected stimulation spot. During the
intervention, continuous magnetic stimulation was delivered at 20 Hz (following (Sasada
et al., 2014)) on the hafpot at the motahreshold intensity.

5.3.4 Data acquisition

Electromyographic (EMG) activity of both legs was registered using Ag/AgCI
bipolar electroded\yotronics Noromed, Tukwila, WA, USA) with 2 cm intezlectrode
space. The EMG of four musclevaétus medialis, tibialis anterior, soleus and
gastrocnemius media)iswas acquired at a sampling rate of 5 kHz using an- MR
compatible bipolar amplifier (Brai®roducts GmbH, Germany). Ground electrode was
placed on the righteroneal malleolus

5.3.5 Assessments of excitability

1) Motor evoked potentials (MEP)he strength of the descending volleys from
the cortex to the target muscle along the comescular pathay can be assessed
through MEPs. The Rapid2 magnetic stimulator with a double cone coil (110mm
diameter) was employed to stimulate the area projecting to the right soleus muscle on the
left primary motor cortex. The scalp of each subject was registeredusattl in a
neuronavigation system (Localite, GmbH, Germany) in order to plan and control the
stimulation spot during the entire session. The standardized procedure described in
(Groppa et al., 2012) was followed to determine the cortical motor threshidith)@s

the minimum stimulation intensity needed to elicit 5 evoked potentials of at least 50 mV
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out 10 stimuli. In preand postintervention assessments, 10 MEP repetitions at 120% of

CMth were applied at a rate of one pulse every 5 to 5.5 seconds.

2) Trans-spinal motor evoked potentials-{¥EP): The assessment of peripheral
neural networks was conducted eliciting volleys from the spinal cord to the target muscle
using the Rapid2 magnetic stimulator and the 90 mmcircular coil. The determination of
the stmulation spot at the lumbar level and the calculation of the Mth were realized as
explained in section 5.3.3. A permanent marker was used to draw reference lines on the
skin to reduce variability during coil positioning. Ten trials efi&Ps were delivekat

120% of the spinal Mth in prand posiintervention assessments every 5 to 5.5 seconds.

5.3.6 Data analysis

The EMG activity of the soleus muscle was b@ads filtered between 10 and
1000 Hz with a 2nd order Butterworth filter. MEP and\i&P trials from preand post
assessments were separately averaged for each subject. We measured the efficacy of
cortico-spino-muscular tracts by analyzing the amplitude of the MEPs, as thetgeak
peak difference from the most negative to the most positive deflection, and the latency of
the MEPs applying the cumulative sum technique on the rectified §@nmaktworth and
Tarker, 2003) Similarly, we assessed the efficacy of spimascular tracts by analyzing
the amplitude and latency of theNEEPs. In addition, subtracting the onset eMEPs
from the onset of MEPs, we obtained the central motor conduction time (CMCT), which

reflects theprocessing time of the cortiegpinal segmen(iGroppa et al., 2012)

We conducted statistical analyses (Frie
the effects before (Pre) and after the intervention (PostO and Post30) for the five outcome
measurements: peds-peak amplitude and latency of MEPsdatsMEPSs, and the
CMCT.

5.4 Results

The optimal stimulation spot was found in-L8 intervertebral spaces for all the

subjects, resulting in spirabots stimulation as presentedMatsumoto et al., 2013)
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5.4.1 Influence of tsMS in corticespinamuscular tacts

Figure 5.1a shows the meantstd of the MEPs in the soleus muscle from an
illustrative subject before and after the intervention. The meantpgadak amplitude
of the MEPs across all participants inceth29.42% for PostO and 28.97% for Post30
with respect to the baseline (preintervention). The boxplot&guare5.2a display the
distribution of the MEPamplitudes for all the subjects in the three performed
assessments. The changes in amplitude between the three assessments were not
statistically significant.(. (2) = 20; p = Q37). The latencies of the MEPs remained more
stable after the interventid0.17% decrease for PostO and 1.26% decrease for Post30,
seeFigure 5.2b). These latencies were not significantly different between the three
assessments.( (2) = 312; p = 021).

(a) Motor evoked potentials (MEP) (b) Trans-spinal motor evoked potentials (ts-MEP)
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Figure 5.1: Mean (solid line) + std (dashed line) of the (a) MEPs and of the {EBs from an illustrative subject
in the right soleus muscle. PrePostO and Post36assessments are represented in red, blue and green, respectively.
Note the stimulation artifact at 0 ms.

5.4.2 Influence of tsMS in spinemuscular tracts

The meanztstd of the-tdEPs in the soleus muscle before and after intervention
from an illustrative subject is presentedrigure5.1b. The changes in4gEP amplitude
acrossall participants were lower than for the MEPSs. In PostO, thva an increase of
3.20% in tsMEP amplitude, while ifPost30 it increased to 10.71% with respect to Pre
(seeFigureb.2c). The amplitudes of the-MMEPs were not significantlgifferent between

the three assessments ((2) = 114; p =0.56). The latencies of the-MEP were also
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stable after thentervention (0.69% increase for Post0 8m5% increastor Post30, see
Figure5.2d). The tsMEPs latencies wergot significantly different between the three
assessments.. (2) = 227; p = 032).

5.4.3 Influence of tsMS in corticaspinal tracts

For the assessment of cortispinal tracts, we determined the conduction time.
The CMCT, as the other latency assessments, remained stable with respect to before the
intervention: 0.97% decrease in Post0 and 5.77% decrease in PostBlj(se&.2e).
The CMCT was not significantly different between the three assessmerf® € 3.43,;
p = 0.18).
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Figure5.2: Changes in (a) MEP amplitude, (b) MEP latency, (6Yl&P amplitude, (d) tMEP latency and (e) CMCT
for right soleus across all participants displayed in boxplots. Thdined represent the median of the distribution,

and the blue boxes represent the 25th and-pgticentiles, respectively.

5.5 Discussion and conclusions

The objective of the present study was to investigate whether cspiico
muscular neural networks cae imodulated by trarspinal magnetic stimulation (¥dS)
in healthy subjects. With this aim, we proposed-EI&intervention and evaluated its
effects on synaptic efficacy in healthy subjects.
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There is not much evidence in the literature about detailed quantification of
electrophysiological effects induced by magnetic spinal cord stimulation. In general,
studies propose setups that are specific to certain applications, which hinders results
comparison. A study by Nielsen and Sinkjeer proposed thoracic (T8) stimulation with a
train of 16 stimuli at 25Hz with an intensity of 60% of maximum stimulator output
(Nielsen and Sinkjaer, 1997)hey measured the effects on MEP amplitude at different
intervals (10 to 25000 ms) following the intervention in three healthy subgxnly
one out of the three subjects showed an increase in soleus MEP amplitude. Further, they
proposed another stimulation protocol, in which repetitive magnetic stimulation was
delivered for 5 min at 25 Hz in sequences of 5 seconds of stimulationsewbids of
rest. They did not use MEPs, butréflexes to characterize the effect of the magnetic
stimulation, observing an initial amplitude increase, followed by an amplitude decrease
8 min after the intervention that remained even 30 min (Blieisen and Sinkjaer, 1997)

A more recent study by Knikawcorded single pulses ofkS over thoracic (T10) and
assessed the neurophysiological changes by amplitude of selefie)in intervals of
milliseconds before and after the stimulatigtnikou, 2013) Their results are in line

with the ones of Nielsen and Sinkjeer, confirming thd¥1& can decrease amplitude or
inhibit spinal reflexes. These studies could be complementary to our results as long as
the differences in #MS protocds and neurophysiological assessments (i.e., reflexive

responses instead of motor pathways) are considered.

We observed that MEP pe&t-peak amplitudes increased almost 30% after the
intervention, while the changesthe other metrics were less pronounced. However, none
of these changes was statistically significant. Therefore, this study does not provide
conclusive evidence about the potential é¥fS to enhance the excitability of the motor
networks. It should & further disclosed with new experiments whether the lack of
statistical significance in our results is due to a real absence of an effect afteviBe ts
or to the lack of statistical power due to the low number of recruited subjects.
Nevertheless, thegtential of spinal cord stimulation igndeniable, with increasing
evidence showing that it can hesed to restore movement after complete paralysis
(Angeli et al.,, 2014; Minassian and Hofstoetter, 2016H)e integration of this
technology in closetbop systems haslready been successfully applied in animal
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(Capogrosso et al., 2018nhd umanmodels(Wagner et al., 2018 Developments for
improving the integration ofpinal stimulation with nomvasive braircontrolled
systemgInsaustiDelgado et al., 2017} also an attractive field of research that may
serve tamprove future motor rehabilite@n therapiegAlam et al., 2016)Future research
continuing this work should focus anvestigating in a larger number of subjects the
effects oftssMS on excitatory and inhibitory mechanisms. A more detasessment,
includingreflexes and sensory processaayld also provide a better characterization of
the wholesensorimotor networkinsaustiDelgado et al., 2018h response to i{MS.
Finally, theinfluence of the protocol parameters such as the duratitensity and
frequency of stimulation or the number of pulses administered need to bégiatessin
order to have a clear understanding of the effects of spinal cord stimulation and expedite

their application to rehabilitation.
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6. Chapter 6. Noxinvasive brairspine interface:
continuous brain control of trasspinal magnetic

stimulation using EEG

This manuscript has been publishedlasaustiDelgado et al., 2020)

6.1 Abstract

Brain-controlled neuromodulation therapies have emerged as a promising tool to
promote functional recovery in patients with motor disabilitiédsis neuromodulatory
strategy is exploited by braimachine interfaces and could be used for restdovwer-
limb muscle activity or alleviating gait deficits. Towards a{avasive approach for leg
neurorehabilitation, we present a -gpt that combines acquisition of
electroencephalographic (EEG) activity to volitionally control trgpimal magnetic
stimulation (tsMS). We engineered, for the first time, a Aaomasive brairspine
interface (BSI) to contingently connect motor cortical activataduring leg motor
imagery with the activation of leg muscles viaMS§. This novel braircontrolled
stimulation was validated with 10 healthy participants who underwent one session
including different tsMS conditions. After a short screening of theirtad activation
during lower-limb motor imagery, the participants used the claseg system at
different stimulation intensities and scored system usability and comfort. We demonstrate
the efficiency and robustness of the developed system to remove @tiimulation
artifacts from EEG regardless ofMS intensity used. All the participants reported
absence of pain due toMS and good usability. Our results also revealed th&tSs
controlled afferent and efferent intensdgpendent modulation of theervous system.

The here presented system represents a noveinmasive means to neuromodulate

peripheral nerve activity of lower limb using braiantrolled spinal stimulation.
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6.2 Introduction

Spinal neural networks are in charge of generating locomattgrps and have
the capacity to modulate them even in the absence of brain c(itratrijevic et al.,
1998; Hultborn and Nielsen, 2007; Edgerton and Roy, 20I&)geting these self
regulated circuits, also known as central pattern generators (CPGgsttminglower-
limb impairments is the goal of spinal nheuromodulation approa@igsssian et al.,
2017; Taccola et al., 2018puring the last decades, invasive electrical stimulation of
spinal neuronal pools has been investigated in anirflaldyama et al., 2005;
Gerasimenko et al., 2008; Alam et al., 20BAd spinal cord injury (SCI) patients
(Harkema et al., 2011; Grahn et al., 2017; Formento et al., 2018; Gill et al., t2018)
restore gait patterns.

In this line, magnetic stimulation of the spinal cord presents an alternative
modality to neuromodulate the spinal networks-imvasively (Nardone et al., 2015b)
In clinical environments, nemvasive magnetistimulation has been widely used to
investigate the central and peripheral nervous sysf@mgppa et al., 2012; Nardone et
al., 2015a; Rossini al., 2015) Magnetic stimulation at the spinal level can activate
peripheral motor axons at their exit from the spinal cord, evoking muscle action potentials
(Ugawa et al., 1989; Knikou, 2013; Matsumoto et al., 20G3Yyen this knowledge,
several studies evidenced the feasibility of repetitive {spisal magnetic stimulation
(tsMS) to induce locomotor rhythms using odenp (Gerasimenko et al., 201@y
EMG-triggered protocolg{Sasada et al., 2014; Nakao et al., 20HK)wever, these

procedures lacked volitional and natural brain control.

Neural interfaces allow transferringolitional neural commands between
different neuronal populations, bypassing the damaged pathyhadson and
Zimmermann, 2012)Jsing brain activity to control the direct stimulation of the spinal
cord below the injury level is a natural manner of mimicking the flow of the descending
commands from the brain to the spifbis phenomenon has motivatée tdevelopment
of brainspine interfaces (BSIf)at aim at artificially connecting brain and spinal neural
networks to recover motor functigBorton et al., 2014; Zimmermann and Jackson,

2014; Bonizzato et al., 2018The BSIs record neural activity of the brain reflecting
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motor intentions and transform this activity into commands for spinal stimul@iam

et al.,2016; Capogrosso et al., 2016, 2018; Yadav et al., 202@se neural signatures
associated with motor execution or motor attempt can be also detected even in patients
with motor deficits(LépezLarraz et al., 2015, 2018ayhich makes them suitable for
BSI control. In order to favor Hebbian plasticity and promote functional recovery, a
timely linked brain actiity encoding motor intention and peripheral afferent neural
activation is essentia{Nishimura et al., 208a; Ramosvurguialday et al., 2013;
MrachaczKersting et al., 2016; Lopdzarraz et al., 2018d; Kato et al., 2018) BSIs,
peripheral neural activity is generated by the spinal stimulation, modulating the
excitability of spinal network@ubli et al., 2013; Hofstoetter et al., 20B8)d generating
muscular contractions of the limfSerasimenko et al., 2018)

To date, BSIs have only been developed as implantable systems, and tested in
animal experiments. Nemvasive BSIs would allow broadening this fieldrekearch,
facilitating experimentation in healthy subjects and patients with motor disorders.
Electroencephalography (EEG) constitutes the most common technique forvasive
acquisition of brain signals. However, the low signal to noise ratio andcstibften
limit EEG applications. This problem aggravates when EEG is concurrently used with
electromagnetic stimulation because it can contaminate the EEG signals and impede the
estimation of cortical activityinsaustiDelgado et al., 2021)

In the current study, we propose an innovative design for anvasive BSI,
relying on the continuous EEG monitoring of brain activity, removal of stimulation
artifacts by median filtering, and control of the trapsnal magnetistimulation (tsMS)
to volitionally (but artificially) contractower-limb muscles. The system was tested and
validated in 10 healthy participants, with 4 different stimulation conditions. As a proof
of the feasibility of this interface, we report the lexaion of different indicatordi) the
performance, robustness and decoding accuracy of the (BSthe usability and
perception of all the users, ai) the neurophysiological effects of the system.
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6.3 Materials and methods

6.3.1 Participants

Ten healthy participants (4 females, age = 29.5 + 4.67 years) with no neurological
disorders and complete mobility of lower limbs were recruftadthe study All the
participants provided written informed consent before starting the experiment, which was
approved by the Ethics Committee of the Faculty of Medicine of the University of

Tubingen (Germany).

The participants were comfortably seated on a chair, with their back straight and
their right leg slightly extended, having the knee and ankle joint suagteind 120° and
90°, respectively. A wedgehaped structure was used to place the foot and ensure the
angle of the leg was kept constaiiglure 6.1a). Neurophysiological activity was
recorded by electroencephalography (EEG) and electromyography (EMG).

a) b) Screening
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Figure6.1: Experimental procedure. (a) Participant with the EEG system and EMG sensor on the right tibialis anterior
(TA) muscle, and experimenter placing the coil for spinal stimulation. The experimenter in the picture is the first author
of the paper and gives card for publication of her image. (b) Block diagram of the two experiment phases: screening
and closedoop stimulation.Each phase included blocks of 20 trials, consisting of rest and motor imagery periods
announced by an auditorny reusqgbemdtheicRsedpopiphasencantimyeieidSe

was applied at 20 Hz when the motor imagery was detected from the EEG of the participant. Eadbaboskedtk
wasexecutedvith a fixed intensity: 20% of the maximum stimulator output (M3@) of the MSO, 40% of the MSO,

or sham stimulation.
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6.3.2 Experimental design and procedure

Each participant performed one session, including a screening phase and-a closed
loop stimulation phasd-{gure 6.1b). The screening consisted of 2 blocks of 20 trials
each, which included rest (412 s) and motor imagery (5 s) periods, each announced by
an auditory cue of “ ReDarng resgtmegarticiphoty veefe resp
asked to relax and stay still without executing or imagining any movement. During motor
imagery (MI), the participants were asked to perform kinesthetic motor imagery of the
plantar dorsiflexion of the right le@Neuper et al., 2005Yhe EEG data recorded during
the screening was used to train a classifi:

i magery” brain states.

The closedoop stimulation phase consisted of 12 blocks of 20 trials each. We
evaluated 4 stimulation conttihs: 3 different taMS intensities and sham stimulation
(further details irsection6.3.4. We recorded 3 blocks of each condition, randomizing
the sequence of intensities across subjects, resulting in 60 trials of each intensity. The
timing of the stimulation trials was identical to the screening trials. Clloggudfeedback
was given according to the decoded brain patterns during the MI periodst{abthe

stimulation was off during resting periods).

6.3.3 Data acquisition

EEG activity was recorded with a commercial Acticap system (BrainProducts
GmbH, Germany), with 32 channels placed on FP1, FP2, F7, F3, F4, F8, FC3, FC1, FCz,
FC2, FC4, C5, C3, C1, Cg2, C4, C6, CP3, CP1, CPz, CP2, CP4, T7, T8, P7, P3, Pz,
P4, P8, O1, and 02, following the international 10/20 sygtemeck et al., 2017he
ground and reference electrodes were located at FPEzamespectively. The recording
electrodes were connected tonanopolar BrainAmp amplifie(BrainProducts GmbH,

Germany).

EMG activity from the right tibialis anterior (TA) muscle was recorded using
Ag/AgCI bipolar electrodes (Myotronigdoromed, Tukwid, Wa, USA) combined with
an MR-compatible BrainAmp amplifier (BrainProducts GmbH, Germany). The
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recording electrodes had an intdectrode space of 4 cm. The ground electrode was
placed on the right patella. All the signals were synchronously acquitédHatsampling

rate.

6.3.4 Transspinal magnetic stimulation (dS)

Due to the unnatural (and occasionally uncomfortable) sensation that the
participants can experience withNES, and to ensure that they were able to bear the
stimulation, a familiarization ssion was conducted with all of them on a separate day
before the experiment. We used a magnetic stimulator (Magstim Rapid2, Magstim Ltd,
UK) with a circular coil (Magstim 90 mm Coil, Magstim Ltd, UK) to provide th&AS
(biphasic single cosine cycle petsof 400 ps).

Before starting the recording, we localized and marked the vertebrae from T12 to
L5 according to anatomical landmarks. The circular coil was initially centered over the
midline of the intervertebral space dfd andshifted towards L5, adv&ing one vertebra
in each step (coil currents directed clockwise). Single pulse stimulation was delivered
above the motor threshold to locate the-$pat of the TA muscle (i.e., the spot that led
to the largest transpinal motor evoked potentials in frtals). This spot was marked for

the closedoop stimulation phase.

During the closedoop phase, continuous brasontrolled tsMS was applied at
20 Hz(Sasada «dl., 2014) According to our previous experimental evidence, the spinal
motor threshold (i.e., the minimum intensity needed for eliciting at least 5 motor evoked
potentials out of 10 trials with at least 50 pV of peafpeak amplitude) lays between
25%and 40% of the maximum stimulator output (MS@paustiDelgado et al., 2018,
2019) According to these values, we defined 4 conditions for the closgd
stimulation:(i) tsMS at 20% of the MSQji) ts-MS at 30% of the MSQjii) ts-MS at
40% of the MSO, an¢lv) sham stimulation. For the sham stimulation, the experimenter
held the oil 1 m away from the participant, so that the stimulation took place and the
participants had auditory but no sensory feedback. In this sham condition, the stimulation
was set to 30% of the MSO. For the three redl&conditions, the coil was placed on

the hotspot.
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6.3.5 Detection of movement intention

After the 2 screening blocks, a classifier was trained to discriminate between the

brain states of rest and MI.

Data preprocessing

The EEG data were basmhss filtered with aorder Butterworth filter betwee
1 and 50 Hz. The signals were trimmed down t&sé&&ond trials (froml0 s to +5 s with
respect to the MI cyeandsubsampled to 100 Hz. Optimized spatial filtering (OSF) was
applied to improve the estimation of the taskated motor cortex activatioVe
considered 17 electrodes (from the 32 recorded) to measure this activation: FC3, FC1,
FCz, FC2, FC4, C5, C3, C1, Cz, C2, C4, C6, CP3, CP1, CPz, CP2 and, CP4. The signal
of these electrodes was bapaiss filtered between 7 and 15 H# ¢4der Butterwort),
to isolate the modulation of the alpha rhytlihdpezLarraz et al., 2014)The OSF
calibration consists of a gradiet¢scent optimization to find weights for the linear
combination of electrodes that minimizes alpha power during Ml and maximizes it during
rest. This has been validated as an effective automated method to emihev
measurement of eventlated desynchronization (ERD) of sensorimotor activity during
motor taskgGraimann and Pfurtscheller, 2006Bhe result of this process is a virtual
channel that synthesizes the activatismerothe motor cortex. The OSF weights were
computed using the trials of the screening phase and kept fixed during thelotgsed

phase.

Feature extraction

A onesecond sliding window, with 200 ms slidistep, was applied to each-15
second trial of the OSvirtual channel in the intervald, -1] s for the rest class and [1,
3] s for the Ml class (i.e., 6 windows per class and trial). The power spectrum between 1
Hz and 50 Hz was calculated for each of these windows usirftrer@ér autoregressive
(AR) model with 1 Hz resolution, based on the Burg algori{Burg, 1967) The most
discriminant range of frequencies to separate between rest and Ml classes was selected
by visually inspecting the signed-squared values (podHitiserial correlation

coefficients). Despite alpha (I5] Hz) and beta ([180] Hz) being generally the most

Ainhoa Insausti Delgado 153



Chapter6: Nonrinvasive BSI: continuous brain control ofN&S using EEG

reactive frequency bands during MI, we restricted the selection of features to the alpha
range only, to avoid the repetitive &S at 20 Hz interfering with our brain features of
interest. The power vaés within the selected frequency range were averaged, resulting

in one unique feature.

All the extracted windows from the screening trials, transformed into one feature
per window, were -score normalized and fed to a linear discriminant analysis (LDA)

classifier to distinguish between both classes.

Classification

During the closedoop blocks, the classifier analyzed the EEG activity in-real
time and activated the stimulator when the MI brain states were detected. A new block
of EEG data arrived every 200 ms. This block was mefiligned (see details in 2.5.3.1),
bandpass filtered between 1 and 50 Hz, OSF filtered (using the coefficients computed
from the screening data), and appended to asenend ringouffer to compute the
newest power output (following 2.5.2). The classifier determined whether this power
output corresponded to rest or Ml class and triggerddSsas long as Ml was detected,
providing continuous feedback. Note that the stimulation was deactivated during the rest
periods, avoiding stimulation due to false positives.

To deal with EEGnonstationdties and potential changes of cortical activation
patterns due to 1#§1S, we continuously updated the normalization coefficients of the
features (initially, the mean and standard deviation of the training dataset). We kept two
48-second buffers, one foest and one for MI, with the most recent features of these
classes. The mean and standard deviation of these two buffers, concatenated together,
were used as the normalization coefficients in each iteration before passing the feature

vector to the classHr.

Median filtering for tsMS contamination removal

Using electromagnetic currents for stimulating the nervous system can introduce
undesirable noise to the neural activity. As characterizednsaustiDelgado et al.,
2017) the tsMS distorts the EEG recardys, introducing peaks of short duration (~10
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ms) and large magnitude. A median filter is a suitable method for minimizing the
influence of the t8S contamination in the EEG sign@hsaustiDelgado et al., 2017,
2021) We applied the median filter as a sliding window of 20irmgne sample steps,
calculating the median value for each window. This filter attenuates these large peaks
preserving the sensorimotor oscillatory activity. A detailed characterization of how this
filter can be used to remove similar peaks due to etattstimulation can be found in

(InsaustiDelgado et al., 2021)

6.3.6 Decoding accuracy

The performance of the classifier for each participant was estimated in terms of
average decoding accuracy, calculated as the mean of the true positive rate (TPR) and the
true negative rate (TNR). The TPR quantifies the success of the classifier during the M
period, defined as the time interval [1, 4] s. The TNR measures the classifier success

during the rest period, which was defined as the time inted/all]] s.

6.3.7 Neurophysiological measurements

Our BSI has been devised to be used as a rehabilitativiotqatients that have
motor impairments. For future interventions based on BSls, the potential of these systems
to interact with corticespinal and spinonuscular circuitry is a relevant aspect. With the
data recorded during the closkdp blocks, we coducted some neurophysiological

measures to assess the interactions of the BSI with the nervous system.

Transspinal motor evoked potentials{EP)

Ts-MS can activate the peripheral nervous system, exciting the spinal nerves at
their exit through the iervertebral foramingowards the muscles, resulting iAMEPS
(Ugawa et al., 1989; Matsumoto et al., 2003)e recruitment of peripheral motor nerves
was demonstrated by measuring th&1&BPs at the tibialis anterior (TAjuscle during
spinal stimulation. EMG signals were highss filtered at 10 Hz with a4order
Butterworth filter and trimmed down to 48s epochs (fror5 to 40 ms with respect to
the stimulation pulse). Epochs corresponding to the safiiS tgatensitywere pooled

together and averaged for each subject. The-fepkak amplitude of the 4dIEPs for
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each intensity was determined as the difference between the maximum and the minimum

values of the averaged potential.

Transspinal somatosensory evoked potnrt(tsSEP)

Spinal stimulation can activate the sensory cortex via the ascending pathways
from the spine, which can be quantified aSEPs(Kunesch et al., 138). The EEG
activity of the CPz channel during closkedp was higkpass filtered using a™order
Butterworth filter at 3 Hz. Signals were aligned to the stimulation artifact and epoched to
45-ms periods (from5 to 40 ms with respect to theMS puse). Epochs were grouped
according to their intensity and averaged for each subject. Thet@gpalak amplitude
of the averaged 4+SEP was calculated as the difference between the maximum and the

minimum values for each-#dS intensity.

6.3.8 Usability assessnms

The participants were asked to evaluate the degree of pain, discomfort and
concentration at the end of each clotmap block. They had to grade betwee(véry
low) and 10 (very high)(i) how painful the stimulation waj) how uncomfortable the
stimulation was, andiii) how easy it was to perform the motor imagery while being
stimulated.

6.3.9 Statistical analysis

We studied the effect of stimulation condition on the BSI performance and on the
neurophysiological measurements. The Shapiiik test was used to determine the
Gaussianity of the data. To assess the effect of stimulation on Ml decoding accuracy, we
useda repeated measures analysis of variance (ANOVA), with stimulation condition as
factor (4 levels: #8VIS at 20% of the MSO, i8IS at 30% of the MSO, 1#§1S at 40% of
the MSO, and sham stimulation) and decoding accuracy as dependent varialiecPost
comparsons were conducted using pairgddts with Bonferroni correction. To evaluate
the influence of the median filter on the BSI performance, we ran patesdstwith
filtering as factor (with and without median filter) and decoding accuracy as dependent

variable for each stimulation condition. To study the influence of stimulation intensity on
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the peakto-peak amplitude of tMEPs and tsSEPs we used Friedman's test (3 levels: ts
MS at 20% of the MSO, 81S at 30% of the MSO, 4#§1S at 40% of the MSO). Pa&id
posthoc comparisons were performed using the Wilcoxon sigaekl test to analyze
significant amplitude differences between intensity pairs. All the statistical tests were
conducted in IBM SPSS 25.0 Statistics software (SPSS Inc., Chicago, IL, USA).

6.4 Results

6.4.1 Brain-spine interface control

Seven out of the ten subjects showed strong cortical activation patterns during Ml
in the screening data, revealed as a significant eedated desynchronization (ERD) in
alpha and beta bandsigure6.2).
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Figure 6.2: Cortical activation during motor imagery (computed from the screening blocks)-filémqeency maps for
each individual, representing the evealated (de)synchronization ERD/ERBurtscheller and Lopes da Silva, 1999)

of the optimized spatial filter (OSF) channel. Time O s represents the auditory cue to start the motor imagery.

Video 1 (Supplementary material in InsauBtelgado et al., 2020ahows one
representative participant controlling the BSI. The participant was asked to rest or to
perform Ml of the right ankle dorsiflexion, guided by auditory cues. The EEG activity
was processed (median filtered, baraks filtered and OSF filtered) neaktime. To
prove the efficacy of the system to remove online stimulation artifacts, the activity of the
OSF channel with and without median filtering is displayed. The classifier triggered the
tsMS when the MI brain states were detected. Note thagtihmilation was off during
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resting periodsThe experimenters in the video are the authors of the paper and give
consent for publication of their video.
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Figure 6.3: Average response of the classifier forthle stimulation conditions. (Left) Average timesponse of the
classifier for each stimulation condition. Each line represents the percentage of the outputs classified as motor
imagery, averaged over all the participants. Notice that time O s is thareg of the motor imagery period, and
outputs prior to t=0 represent false positives, while outputs after t=0 mean true positives. (Right) Decoding accuracy,
calculated as the mean between true negative rate (TNR) in the time intérvd] f and truepositive rate (TPR) in

the time interval [1, 4] s. The dashed line shows the confidence interval of the chance level (alpha = 0.05), calculated
on the basis of all the test trials, according(kdiiller-Putz et al., 2008)Panels show the values averaged for all the
participants (top) and for the seven participants with detectableeldted desynchronization in the alpha frequency
band (bottom).

The average decoding accuracies for all the partitspesere 61.7%, 57.9%,
58.4% and 59.6% for sham stimulationM$ at 20% of the MSO, #51S at 30% of the
MSO and tsMS at 40% of the MSO, respectivelyigure 6.3 top panel). There was no
significant effect of stimulation condition on decoding accuracy, as revealed by the
repeated measures ANOVA (F(3, 27) = 1.9 0.151). As a posgtoc analysis, we
discarded the data of the three participants who did not show a modulation of the

sensorimotor alpha rhythm during Ml in the screening phase (S3, S5 and S8). These three
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participants had a decoding accuracy around chance level in the-ldopeghase for
every stimulation condition. When we excluded them from the analysis, the average
decoding accuracy increased up to 66.2%, 61.8%, 63.5% and 66.1%, respdetjuedy (

6.3 bottom panel). These values were not significantly different betwediSts
intensities either (repeated measures ANOVA, F(3, 18) = 2068.149).

6.4.2 Effect of artifact removal

We also studied how 8IS affects the corticahctivity and the performance of
the BSI. Stimulation artifacts distort the ongoing EEG activity, hindering its processing.
The median filter effectively eliminated the higimplitude peaks, allowing the
guantification of sensorimotor modulatiofrigure 6.4a). Figure 6.4b displays the
estimated cortical aivity of a representative participant during clo$edp tsMS at
40% of the MSO (i.e., the highest stimulation intensity) with and without applying the
median filtering. If the stimulation artifacts are not eliminated, they are observable in the
EEG asa broadband evemelated synchronization (ERS), or power increase, covering
the frequencies of interestigure 6.4b left). Median filtering revealed ¢hsignificant
eventrelated desynchronization (ERD) of alpha and beta frequektags€6.4b right),
which allowed the classifier to decode the Migure6.4c). We calculated the decoding
accuracy of Ml with and without median filter for each stimulation condition for those
participants with detectde ERD. Paired-tests revealed that applying the median filter
led to significantly higher decoding accuracies in clokeap tsMS at 20%(t(6) = -
3.821,p=0.009),tsMS at 30%(t(6) =-5.215,p = 0.002)and tsMS at 40% of the MSO
(t(6) =-6.555,p = 0.001) Figure6.4d).

6.4.3 Neurophysiological analysis

Transspinal motor evoked potentials{4EP)

By analyzing the tMEPs, we assessed theurophysiological effects of the
stimulation on the peripheral nervous systétigire 6.5a). We extracted the-idEPs
from the closedoop stimulation lbcks (Figure 6.5b), and compared their amplitude

according to the stimulation intensitlyigure6.5c). The peako-peak amplitude of the
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Figure 6.4. Characterization of stimulation artifacts and their effects on cortical activity and decoding accuracy. The
results for one representative participant are displayed in the most unfavorable scenario, with stimulation at 40% of
the MSO. (a) EEG trace of omrgal, showing the effect of the stimulation as haghplitude artifacts. Zooming into a
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Decoding accuracy calculated as the mean between TNR andofRRchstimulation condition with and without
median filter for the seven participants with detectabledhited desynchronization in the alpha frequency band. The
shaded gray area shows the confidence interval of the chance level (alpha = 0.05), calculaetasig of all the

test trials, according tgMuller-Putz et al., 2008)The asterisks indicate significant differences (** for p <0.01, ***

for p <0.001) between decoding accuracies when medtenefil is applied.
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Trans-spinal motor evoked potentials
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Figure 6.5: Neurophysiological and usability assessments. Upper panel, a) Recruitment of efferent pathways from the
spine to the tibialis anterior (TA) muscle byM$. b) EMG trace of the TA muscle of a representative participant
during closedoop stimulation at 8% tsMS. The artifacts appear approximately att = 1.05, 1.10 and 1.15 s (20 Hz
stimulation), while the #MEPs are induced ~15 ms after the stimulation (peripheral motor conduction time from the
spine to the TA). c) AverageMEPs of a representative giipant for the three different stimulation intensities. d)
Mean peakto-peak amplitude of #MEPs and standard errors averaged over all participants for each stimulation
intensity. The asterisks indicate significant (p < 0.05, Bonferroni correctedyetiites in t¢MEP amplitude between
ts-MS intensities. Bottotteft panel, e) Recruitment of afferent pathways from the spine to the cortexM& f§
Average tsSEPs of a representative participant for the three different stimulation intensities. g)pdakto-peak
amplitude of tsSEPs and standard errors averaged over all participants for each stimulation intensity. The asterisks
indicate significant (p < 0.05, Bonferroni corrected) differences HSESP amplitude between-MS intensities.

Bottomright panel, h) Usability scores for concentration, discomfort and pain, averaged over all participants

tsSMEPs was significantly aff ec’ed58)p<t he
0.001). Poshoc comparisons revealed significantly largemMiSPsamplitudes at 40%

of the MSO compared to 20% (Z-2.803, p = 0.015) and compared to 30% (2803,

p = 0.015) Figure6.5d).

Transspinal somatosensprevoked potentials SEP)

We computed the {SEPs to assess the neurophysiological effects of the
stimulation on the central nervous systéng(re6.5e). As for the taMIEPs, we averaged
the tsSEPs for each subject, grouping by stimulation intensity. Stproduced a
positive peak with a latency of 30 ms and a negative peak at 4Bigusg6.5f). The

peakto-peak amplitude of the SEP was significantly affected by the stimulation
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intensity Q)Frois& ¢ ma.007)sPoypc paired comparisons showed
significantly smalkr tsSEPs when stimulating at 20% compared to 30% {Z.599, p
=0.027) or 40% (Z =2.701, p = 0.021) of the MS®igure6.59).

6.4.4 Usability assessments

Our descriptive analysis on usability shows that the participants perceived more
discomfort and pain, and decreased concentration on the Ml task, as the intensity of ts
MS increased Rigure 6.5h). All the participants described the stimulation at higher
intensities as uncomfortable, rather than painful. No adverse effects du $oviere

reported by, oobserved in, any of the participants.

6.5 Discussion

In this paper, we report on the first nmvasive brairspine interface (BSI), based
on the continuous control of traspinal magnetic stimulation (¢dS) guided by EEG.
Our BSI enables the direct assoiiatof cortical activity encoding motor intentions with
the activation of afferent (from the spine to the somatosensory cortex) and efferent (from
the spine to the lowdimb muscles) pathways. This natural approach to link brain
activity with the periphea nervous system could be used to exploit neuromodulatory
mechanisms and might constitute a relevant tool for rehabilitation of patients with
paralysis. The here presented findings provide sufficient basis towards designing,

developing and further evaluag this innovative approach.

Brain-controlled spinal cord stimulation can potentially be employed for assistive
or rehabilitative purposes by patients with lovierb paralysis. Spinal cord stimulation
has been used to neuromodulate the spinal circutqyporting motor recovery after
lower-limb paralysis(Edgerton and Roy, 2012; Nardone et al., 2015b; Taccola et al.,
2018) The first studies in animals evidenced the neuromodulatory properties of dorsal
root stimulation ofthe spine(Budakova, 1972; Grillner and Zangger, 197Bater
investigations using epidural spinal stimulation supported previous findings and
demonstrated the capacity of stimulation to enatalading and gait in paralyzed rodents
and cats(Ichiyama et al., 2005; Gerasimenko et al., 2008; Wenger et al.,.2016)
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humans, epidural stimulation of the spinal cord has been shown to facilitate locomotor
like patterns and produce lota@sting motor recovery after imsive training in spinal
cord injury patientgAngeli et al., 2014; Grahn et al., 2017; Gill et al., 208)wever,
controlling and modulating the stimulation based on brain aaiivas a more natural
approach than continuously stimulating the spinal cirdiviisPherson et al., 2015

fact, the contingagmassociation of cortical activity produced by the intention to move a
paralyzed limb and the afferent volley generated by spinal stimulation can exploit
Hebbian mechanisms and facilitate functional recoy@smosMurguialday et al.,
2013; MrachacKersting et al., 2016; Bonizzato et al., 2018pis association is the

basic operating principle of braspine interfacegAlam et al., 2016)

Brain-spine interfaces developed to date involve implantable technologies and
have only been tested in animal mod@kshimura et al., 2013b; Alam et al., 2014;
McPherson et al., 2015; Capogrosso et al., 2016; Bonizzato et al., 20h&)ard with
continuous spinal stimulation, bragontrolled stimulation has been shown to enhance
stepping quality and accelerate locomotor recoy€gpogrosso et al., 2016; Bonizzato
et al., 2018)In humans, the only approach@esenting closetbop volitional control of
spinal stimulation proposed ndmainrcommanded paradigm®n one hand, Nishimura
and colleagues proposed the use of EMG of the arm to contrehwasive magnetic
spinal stimulation in healthy subjects and $@lients(Sasada et al., 2014; Nakao et al.,
2015) On the other hand, Courtine and colleagueplanted epidural electrical
stimulation electrodes in the lumbar spinal cord of SCI patients and used inertial
measurement units (IMUs) located on the feet to control the stimul&agner et al.,
2018) Our approach relied on extracting motor commandsimeasively from brain
activity by EEG to provide closddop control of transcutaneous magnetic stimulation

of the spinal cord.

Norrinvasive braiamachine interfaces (BMIs) allow the transmission of
volitional cortical commands to control rehabilitative ded(Wolpaw et al., 2002a;
Millan et al., 2010; Lopetarraz et al., 2018d)or instance, there is ample evidence
demonstrating contingent EEG control of robotic exoskeletons petients(Ramos
Murguialday et al., 2013; Ang et al., 201&)Jectric and magnetic neurostimulation can

also be integrated with nanvasive BMIs.However, to date, contingent online control
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of such neurostimulatofsas not been achieved, since theatation introduces currents

to the body, causing strong artifacts that hinder extracting reliable information from the
recordings of brain activity. Therefore, BMIs integrating neurostimulation have only
been proposed triggering predefined stimulatiortepas, not allowing a continuous
control nor contingencyPfurtscheller et al., 2005; Osuagwu et al., 2016; Trincado
Alonso et al., 2017; Biasiucci et al., 2018)

Dealing with stimulation artifacts is a challenge for clek®xp neural interfaces.
Different approaches have been proposed for cleaning stimulation contamination from
invasive and noiinvasive neural recordings, such as blanking, interpolation or linear
regression reference (LRR)alter et al., 202a; Iturrate et al., 2018; Young et al., 2018)

For invasive recordings, regression methods have been proven effective to eliminate the
stimulation artifac{Young et al., 2018)mainly due to the low integlectrode impedance
variability and withinsession stability, allowing closddop neurostimulatiorfBouton

et al., 2016; Ajiboye et al., 2017However, none of these methods has been proven
effective for EEG recordigs, and the estimation of cortical activation during stimulation

is biased even if blanking or interpolation of the artifacts is (Mé&dteret al., 2012a)

We proposed the use of a median filter, since it can eliminateanigiitude
peaks in a timeeries without causing signal discontinuities (which is the main problem
of blanking or interpolation). Its main limitation is that it attemgathe activity at higher
frequencies (exponential attenuation between 0 Hz and theH¥/vwith ws being the
length of the window of the median filtgthsaustiDelgado et al., 2021However, this
frequencydependent attenuation does not have a big impact on the sensorimotor alpha
oscillations (¥15 Hz) that we used to detect the motoagery. To the best of our
knowledge, this is the first time a namvasive closedoop system controls the

stimulation in reatime and effectively deals with these artifacts.

Our adaptive decoder successfully dealt with the changes in brain actieitg du
tsMS. The accuracy of the decoder was within the level of acceptance for-tWoped
rehabilitative neuroprostheticeRamosMurguialday et al., 2013)Remarkably, we
demonstrated that the accuracy wasinfiienced by the stimulation intensity, which

allows the implementation of different stimulation protocols, such as above or below
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motor threshold (considering that the motor threshold of healthy subjects is between 25%
and 40% of the MSO). All participés reported a decrease in usability of the system with
higher stimulation intensities (i.e., more pain and discomfort, and less ability to
concentrate on the task). However, their subjective perception of usability at high
intensity did not affect the prmance of the BSI.

The next natural step following this study would be to demonstrate the efficacy
of the brainrcontrolled stimulation to promote Hebbian mechanisms that induce
neuroplastic changes in human nervous system, as it has already beenrprasigely
in rodents and primate@McPherson et al.,, 2015; Capogrosso et al., 2016, 2018;
Bonizzato et al.,, 2018)An exhaustive battery of assessments should be conducted,
including the evaluation of motor and sery pathways and spinal neural processes, to
characterize in detail the neurophysiological effects of a-tSed intervention.
Although we did not conduct assessments of synaptic efficacy in this preliminary
analysis, we studied the neuromodulatory effesturing closedoop stimulation. We
demonstrated the capability of our platform to engage the central and peripheral nervous
system as expected. TheMsS activated efferent pathways, inducingMEPs inlower-
limb muscles, and afferent pathways, producir§E$s. These findings prove that both
afferent and efferent neuromodulation are intensity dependent, confirming previous

results(Matsumoto et al., 2013; Rossini et al., 2015)

In conclusion, in this study we hapeoposed and validated the first Aowasive
brainspine interface. Further research should focus on studying the feasibility of this
system as rehabilitative tool in patient populations such as SCI or motor stitiee.
role of tsMS parameters (i.e rdquency, intensity, dose, etc.) on the excitability of spinal
neural networks should also be disclosed in future investigatiGomputational
modelling might be a key tool to understand the ongoing mechanisms involved in spinal
neuromodulation due to-1dS in order to optimize interventions based on spinal cord
stimulation that enhance functional recov@fgrmento et al., 2018; Greiner et al., 2020;
Khadka et al., 2020Neverthelessthe here presented findings constitute the first steps
towards the application of nanvasive BSIs as a novel neuroscientific and therapeutic

tool.
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7. Chapter 7Brain-controlled transspinal magnetic
stimulation to restore lowdimb paralysis: a proef

of-concept in stroke patients

7.1 Abstract

Brain-controlled neurotechnology has emerged as a powerful tool to interact with
thenervous system and to repair neural damage in patients with motor diseases, such as
stroke. In this context, braispine interfaces (BSI) rely on a timdlgpked activation
between brain and spinal networks via spinal cord stimulation and have demonstrated
efficacy to recovedowerlimb motor function. Recently, we devised the first fion
invasive BSI based on continuous control of trapmal (tsMS) stimulation with
electroencephalographic (EEG) activity. However, the validation of this system with
paralyzd patients is yet to be done and, more importantly, how this system can induce
synaptic efficacy changes in the human nervous system and its effects on sensorimotor
recovery remain unclear. With the objective of evaluating and characterizing the
neurophy®logical impact of a BSI intervention, we firstly recruited twentye healthy
participants who underwent a singlgession experiment and which we measure
synaptic efficacy changes using an exhaustive battery of assessments. Secondly, seven
stroke paentsvalidatedthe system and were evaluated neurophysiological and clinically
after an 8session intervention. Our results showed that using the BSI system enhanced
the excitability of corticomuscular pathways of healthy participantd that this
enhanementwas maintained 30 minutes after finishing the session. In addition, the
increased responsiveness of corticomuscular tveedpositively correlated with the BSI
performance. We also found that some stroke patients presented daily aisdssien
improvement in synaptic efficacy of corticomuscular projections. Moreover, stroke
patients increased their motor function and expeedracdecrease of spasticity after 8
day BSI intervention. Overall, our findings evidenced the capacity of the BSI to interact
positively with the nervous system generating functional changes and shed light on the

applicability of this technology as a relil@htive tool for lowerlimb paralysis.
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7.2 Introduction

Neurological diseases, such as stroke or spinal cord injury (SCI), are characterized
by a damage in the communication between the brain and the peripheral nervous system,
leading to a deficit of moveemt control. Brairmachine interfaces (BMI) aim at
bypassing the neurological impairment to repair this neural conngdamkson and
Zimmermann, 2012Within this framework, brakspine interfaces (BSI) have prompted
as an efficient tool for gait rehabilitation that rely on breamtrolled spinal cord
stimulation to generate locomotor rhythms onaation oflower-limb muscleqAlam et
al., 2016; Capogrosso et al., 2016; Bonizzato et al., 2018)

Targeted neuromodulation of spinal cord circuitries through invasive electrical
stimulation to regain motor function twer limb, including standing and walking, has
been widely investigated in animglSerasimenko et al., 2008; Capogrosso et al., 2016;
Alam et al., 2017and SCI individual¢Angeli et al., 2014; Grahn et al., 2017; Formento
et al., 2018; Gill et al., 2018All these studies evidenced the potential of epidural
stimulation to be used for rehabilitative applications. However, the possibility of
neuiomodulating similar spinal neural networks using-morasive approaches opens an
alternative frame for the treatment of motor disabilities. A series of studies demonstrated
that transcutaneous electrical stimulation induced locontik®ractivity in pardyzed
legs and provided some volitional control of the movem@aesasiment et al., 2015;
Hofstoetter et al., 2015; Minassian et al., 2016a; Gad et al., .2Biiarly, there is
evidence showing that trasspinal magnetic stimulation (idS) generates steppitlidxe
rhythms using opetoop (Gerasimenko et al., 2010; Gorodnichev et al., 20t MG
triggered protocolgSasada et al., 2014; Nakao et al., 2013pwever, all these

stimulation strategies lacked volitional brain control of the stimulation.

The BSs allow extracting brain activity encoding motor intentions and
transforming it into commands to volitionally control spinal cord stimulation that
activates leg musclgglam et al., 2016; Capogrosso et al., 2016, 20IBg BSls boost
functional recovery of lower limb and alleviate gait deficits in comparison to-loogn
or preprogrammed stimulation protoco(®cPhersa et al., 2015; Bonizzato et al.,

2018) The potential of BSIs to induce neuroplastic changes relies on timely linking the
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cortical activation reflecting a motor task with the peripheral afference derived from
modulating spinal circuits and activatingusecles(Nishimura et al., 2013a; Ramos
Murguialday et al., 2013; Mrachatrsting et al., 2016; Lopdzarraz et al., 2018d;
Kato et al., 2019)However, to date implantable BSIs have mostly been developed and
tested in animal mode(#1cPherson et al., 2015; Capogrosso et al., 2016, 2018; Yadav
et al., 2020)and the no#invasive approach of this technology would open a new frame
of possibilities for its application inumans. Recently, we proposed the firstHmorasive

BSI, based on the continuous acquisition of brain activity eléictroencephalography
(EEG)for the direct and continuous control ofMkS (InsaustiDelgado et al., 2020Dur
norrinvasive BSI contingently connected motor cortical activation with activation of
lower-limb muscles anave demonstrated the capability of the system to engage central

and peripheral nervous system through braintrolled spinal stimulation.

Despite the number of investigations that have examined the effects of
transcutaneous electrical spinal stimulatiGogiamanian et al., 2012; Priori et al., 2014;
Megia Garcia et al., 2018@nd tsMS (Nielsen and Sinkjaer, 1997; Krause et al., 2004;
Knikou, 2013; InsaustDelgado et al., 2019n neural excitability, how braicontrolled
stimulation interacts with the human nervous system inducing modifications in synaptic
efficacy remains unclear. Furthermore, the validation of ourimegssive BSI in patients
with neurological disorders, such as stroke, and its corresporeliatyation of
neurophysiological effects are yet to be done. Determining the neuromodulatory
mechanisms activated by narvasive BSls is of great need for promoting functional
recovery and would lead us to improve rehabilitative treatments for Jawermotor
disorders.

This study aims at assessing and characterizing the neurophysiological effects
induced by a BSbased intervention. Because the spinal cord is a complex structure
where descending, asaBng and propriospinal neural pathways are integrated, we
hypothesized that the BSI intervention would lead to an increase of excitability in the
entire neural system, including both motor and sensory pathways, and that the
assessments would reflect thimaage. To test this hypothesis, we firstly propose a study
with twenty-one healthy participants in which we measure neurophysiological changes

with an exhaustive battery of assessments. Secondly, we conduct preliminary tests with
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seven stroke patients, wmhich we validate the BSI, and evaluate neurophysiological
changes and clinical scales before and after the intervention.

7.3 Materialsand methods

7.3.1 Participants

Twenty-one healthy subjects (7 females, mean age 27.36 + 4.56 years) with no
neurological disorders and 7 stroke patients Wothier-limb paralysis (see details in
Tablel) were recruited in the study. The inclusion criteria for stroke participants were:
(1) lower-limb paralysis; (2) age between 18 and 80 years; (3) minimum time since stroke
6 months; (4) no cerebellar lesion; (5) no psychiatric or neurological condition other than
stroke; (6) intracranial implant or any other metal object within the h&aadp(cardiac
implants or unstable cardiac disease; (8) no epilepsy or medication for epilepsy during
the last 6 months; (9) no Botox treatment during the last 3 months; (10) no pregnancy;
(11) be able to understand and follow instructions. The ethicaloaglpfor the
experimental procedure was provided by the committee of the Faculty of Medicine of the
University of Tubingen (Germany). All participants were informed and gave written
consent before participating in the study.

7.3.2 Data acquisition

Electroencephalographic (EEG) activity was registered using a commercial
Acticap system (BrainProducts GmbH, Germany), with 32 electrodes placed on FP1,
FP2, F7, F3, F4, F8, FC3, FC1, FCz, FC2, FC4, C5, C3, C1, Cz, C2, C4, C6, CP3, CP1,
CPz, CP2, CP4, T8, P7, P3, Pz, P4, P8, O1, and O2 (according to the international
10/20 system). The ground and reference electrodes were placed on FPz and Fz,
respectively. The recording electrodes were connected to a monopolar BrainAmp
amplifier (BrainProducts GmbH, @eany).

Electromyographic (EMG) activity of both legs was recorded using Ag/AgClI
bipolar electrodes (Myotroniedoromed, Tukwila, Wa, USA), with an intefectrode

space of 4 cm, connected to an M&mnpatible BrainAmp amplifier (BrainProducts
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GmbH, Germany Four musclestipialis anterior, soleus, gastrocnemius medialis and
vastus medialiswere recorded from each leg. In healthy participants, the ground
electrode was placed on the patella of the right leg, while the patella of the paretic leg

was used ipatients.

Age Gender Lesion side Months since stroke
P1 67 M L 126
P2 52 M L 17
P3 79 M R 65
P4 63 M L 24
P5 58 M L+R 31
P6 76 M L 33
P7 67 M R 106

Table7.1: Demographic data of the patientstae time of enrollment in the study

7.3.3 Experimental design and procedure

Experiment 1. Quantifying the effect of BSI on synaptic efficacy of healthy
participants

To study the effects of the clos&xbp intervention on the synaptic efficacy, 21
healthy partippants were involved in one experimental session. The participants were
seated on a chair, while keeping their back straight, and their knee and ankle around 120°
and 90°, respectively. To maintain the posture of the leg constant during the entire
sessionthe participants placed their foot on a moveable wethgged structurd-{gure
7.1a).

The experiment consisted of a screening phase, a diosedtimulation phase
and synaptic efficacy assessmeirig(re7.1b). The screening phase included 40 trials,
while the closedoop phase included as maimnials as each participant needed to receive
a total amount of 2000 pulses (more details about these 2 phases are described in section
7.3.4. The tsMS intensity was set to the motor threshold of each participants, as
described in sectioid.3.5 To precisely characterize the changes in neuratadiity

between the cortex and musclege defined a comprehensive set of assessments
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(explained in sectiory.3.7). These assessments were conducted 4 times during the
session, one at the beginning (Pre), one immediately after the screening (PostScreening),
one right after concluding the closkmbp stimdation (Post0) and one 30 min afterwards

(Post30). Running each set of assessments did not exceed 10 min.

b) Experimental design healthy participants
e

c) Experimental design stroke patients

LCLOSED-LOOP ” POST 0 min J | POST 30 min

d) Phases of BSI intervention e) Assessments of synaptic efficacy

- MEP ts-MEP SEP ts-SEP H-reflex
r — r I 3 Y E
[ o] = e |

X 40 trials ™ 10-12s 5s o 10-12s 5s |
e D S

MOTOR MOTOR |

REST TASK REST TASK |

1s-MSM

Figure 7.1: Experimental procedure and design. (a) Participant sitting on a chair while wearing &#EEMG

recoding systems, and experimenter applying tsisal magnetic stimulatioftissMS). (b) Experimental design for

healthy participants including 4 assessment blocks of synaptic efficacy measures (Pre, PostScreening, PostO and
Post30) and two BSphases. (c) Experimental design for stroke patients consisting eint8lention and
assessments. The BSBlervention included 8 daily sessions with measurememwtfr evoked potentiatsefore and

after the two BSI phases. One day before and onaftithe intervention a more exhaustive battery of measurements
wascarried out including synaptic efficacglinical and behavioral assessments. (d) Phases of the BSI intervention:
screening and closeldop stimulation. Each phase is composed by perfaési and motor task (motor imagery and
attempt for healthy and stroke participants, respectively). In the closgdphase, participants used their brain

activity to control the repetitive8lS at 20Hz appl i ed at i ndanvofplopagdtisn®@ mot or t F
different impulses along the nervous pathways and recording sensors during assessments for synaptic efficacy. This
battery of assessments includes motor evoked potentials (MEP);spignaé motor evoked potentials {4EP),

somatosernwy evoked potentials (SEP), tragginal somatosensory evoked potentialsSEP) and Hreflexes.
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Experiment 2: Proof of concept with chronic stroke patients

To provide the first proof of concept that this platform can be used to rehabilitate
lower-limb paralysis, severstroke chronic patients were invited to arse®sion
intervention (except for P6 and P7, who carried out 6 and 9 sessispactively) Figure
7.1c). Every session consisted of a screening phase including 40 trials and dadpsed
stimulation phase. The intensity of theMS was set to the motor threshold.
Occasionally, due to chronic pain or other problems derived from the stroke, the intensity
was decreased for pat i en-loapblocksocombigimgin20 The nun
trials per block, depended on the expantal fatigue of the patients and the temperature
of the stimulating coil, which automatically blocked for safety measures when certain
temperature was exceedaitler repetitive use

To measure the excitability changes in the nervous system, an exbdnagtary
of assessments was conducted one day before beginning the intervention (Pre) and one
day after finishing the intervention (Post). In additiortite measurments of synaptic
efficacy, this experiment also included clinical and behavioral asset&s(e&plained in
section7.3.8. Furthermore, to quantify synaptic efficaglyanges within sessipmotor
evoked potentialSMEP9 were daily measured before and after the BSI intervention.

Brain oscillatory activity during rest was also recorded every day prior to the intervention.

To evaluate how practical and functional our BSI was, after every block of €losed
loop stimulation, th patients were asked to report different usability indicators. They had
to score each block between 0 (low) and 10 (high), describing how uncomfortable and
painful the stimulation was, how exhausting the task was, and how easy it was to
concentrate in thenotor attempt task while being stimulated.

7.3.4 BSI intervention

The BSI intervention was divided into a screening phase and doged
stimulation phase. The screening consisted of 40 trials, which included periods of rest
(10-12 s) and periods to perfformmaot or task (5 s) . “Rest” and
announced the beginning of each peribayre 7.1d). During rest, participants were

instructed to stayelaxed without imagining or attempting any movement. During the
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motor task, the healthy participants were asked to perform kinesthetic motor imagery
(MI) of the right plantar dorsiflexion (Neuper et al. 2005), while the stroke patients were
required to #empt plantar dorsiflexion of their paretic leg. The data acquired during the
screening were used to build a classifier

i magery/ motor attempt” brain states.

The trials of the closetbop stimulation phase weirdentically defined to the
screening trials in timing. In this phase, the cortical signatures decoded during the motor
attempt or Ml triggered the-#dS. Note that to avoid false positives, the stimulation was

off during resting periods.

7.3.5 Transspinal magnic stimulation (tsMS)

Due to the unpleasant feeling thatM$ can produce, and to ensure that all the
participants could tolerate the stimulation, we performed a familiarization session with
each participant on a separate day prior to the experiments®dea magnetic stimulator
(Magstim Rapid2, Magstim Ltd, UK) with a circular coil (Magstim 90 mm Coil, Magstim
Ltd, UK) to apply the t8VIS (biphasic single cosine cycle pulses of 400 us).

Before starting the session, the vertebrae from T12 to L5 werbézkataand
marked following anatomical landmarks. The experimenter centered the coil over the
midline of the vertebra T12 and advanced caudally, shifting one vertebra in each step
(coil currents directed clockwise). Single pulses above the motor thresleskl w
delivered to identify the hegpot (i.e., spot inducing largest motor evoked potentials in
the right or paretic tibialis anterior musclé)sing a skinmarkerwe drew the shape of
the coil over the hespot in the back of the participaitsminimize the variability when
placing the coil during the assessments and clasmgalstimulation phase. Once the ot
spot was localized, we defined the motor threshold (Mth) as the minimum stimulator
output intensity required to elicit at least 5 evoked potentils an amplitude larger
than 50 pV out of 10 successive stimulation pulses while the right or paretic tibialis
anterior (TA) in rest. During the closdabp stimulation phase, the frequency of the ts
MS was set to 20 HESasada et al., 2014)
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7.3.6 Detection of movement intention

After the screening phase, the acquired brain activity was used to train a classifier

to discriminate between rest and matoagery/attempt brain states.

Data preprocessing

The recorded EEG data were bgrabs [150 Hz] filtered with a ¥ order
Butterworth filter. The signals were arranged intesé€sond trials (from10 s to +5 s,
being 0 the beginning of the motor task), aatbsampled to 100 Hz. To maximize the
estimation of the cortical motor activation, an optimized spatial filtering (OSF) was
applied to the electrodes FC3, FC1, FCz, FC2, FC4, C5, C3, C1, Cz, C2, C4, C6, CP3,
CP1, CPz, CP2 and, CP4 (17 electrodes fron32hecorded)We bandpass filtered7-
15] Hz (4" order Butterworth}he signal of these electrodesisolate the activity in the
alpha frequency rangéopezLarraz et al., 2014)The OSF calibration usesgradient
descent optimization to calculate weights for the linear combination of electrodes that
minimizes power in alpha during motor imagination/attempt and maximizes it during
rest. This automated method enhances the estimation ofrelateid desychronization
(ERD) of sensorimotor modulation during motor tagsaimann and Pfurtscheller,
2006b)andresults in a surrogate channel that merges the activation over the motor cortex.
The OSF weights were calculated using only the trials of the screening phase and were

fixed for the closedoop phase.

Feature extraction

A onesecond window was slid every 200 ms to eacisdéond trial of the OSF
channel between the intervaB[-1] s for the rest class and [1, 3] s (which could be
adapted for each participant) for motor task class, resulting in 6 windows per trial and
class. From each of these windows, the power spectrum from 1 to 50 Hz was computed
using a 28-order autoregressive B model with 1Hz bin resolution, based on the Burg
algorithm (Burg, 1967) We calculated the Bquared values (pokttiserial correlation
coefficients) to visually identify those frequencies of the sensorimotor rhythm that
increased the separability between cortical actigitying rest or motor task. Although

alpha ([#13] Hz) and beta ([1:80] Hz) oscillatory activities of the motor cortex are the
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most responsive frequency bands during a motor task, the feature selection was
constrained only to the alpha band, to preventrifieence of tsMS at 20 Hz on our
ongoing EEG activity. The power outputs of the selected frequency range were averaged
and synthesized into one unique feature. Therefore, we extracted the power feature from
each window and -gcore normalized. These vehi were used to create a linear
discriminant analysis (LDA) classifier to discriminate between rest and motor task

classes.

Classification

During the closedoop phase, the classifier constantly decoded the brain activity
and activated the 48!S providing contingent feedback when signatures related to the
motor task were identified. EEG activity was acquired in-tiea¢ at 1000 Hz sampling
rate and every 200 ms a package of new data arrived. This package was median filtered
(see details isubsectiorMedian filtering for tsMS contamination removalbandpass
filtered between 1 and 50 Hz, OSF filtered (using the weights calculated from the
screening data) and appended to asewnd ringouffer. The power of the rindpuffer
was calculated, and the classifier determined which class the estimated power
corresponded to, either rest class or motor task class. When motor imagery/attempt was
decoded, the classifier triggered theviS providing associative feedback. Note that the

stimulation was turned off during rest periods to prevent false positives.

The normalization coefficients of the features (initialized with the mean and
standard deviation of the screening dataset) were continuously updated in order to adapt
to EEGnonstationarities and to possible modifications in the cortical activity derived
from ts-MS. Each class had one-48cond buffer containing the newest power features
corresponding to these classes. For every new power output of theiffag and before
sending it to the classifier, both buffers were concatenated together, and thenchean a

standard deviation were used as the normalization coefficients.

Median filtering for tsMS contamination removal

The interaction of electromagnetic currents with the nervous system results in

noisy neurophysiological recordings. As describedlmsaustiDelgad et al., 2017)
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applying tsMS contaminates the EEG signals, inducing peaks of short duration (~10 ms)
and large amplitude. The median filter has been shown to be an effective method to
remove tsMS artifacts from EEG recordindihsaustiDelgado et al., 2020, 2021Qur
median filtering relied on a 2Ms sliding window applied in oresample steps to estimate

the median value for eh window. This filter removed the artifact peaks from the EEG

signals without affecting the oscillatory alpha band activity.

Decoding accuracy

The performance of the classifier used to identify movement imagery/attempt was
guantified by means of averageading accuracy, defined as the mean of true positive
rate (TPR) and true negative rate (TNR). TPR estimates the success of the classifier
during the periods corresponding to the motor task within the interval [1, 4] s, while TNR

estimates the successtbé classifier during resting within the intervad [-1] s.

7.3.7 Assessments for synaptic efficacy

To address our hypothesis on whether bggiim interfaces induce excitability
changes in the nervous system, an exhaustive battery of neurophysiologicahasses
was performed. These assessments included the evaluation of different efferent and
afferent neural segments that comprise the senmotgr pathways. Note that we
conducted the assessments on the right leg in healthy participants and on théegaretic
in stroke patients. During the assessment blocks, both EEG and EMG signals were
synchronously acquired at a sampling rate of 5 kHz. The EEG and EMG activities were
bandpass filtered (Z' order Butterworth), [8L000] Hz and [16L000] Hz respectively.

Motor evoked potentials (MEP)

The efficacy of corticomuscular pathways can be assessed through MEPs. Since
this measurement encompasses the entire motor neural network, eliciting descending
volleys from the cortex to the target muscle, we defined the MEPsug primary
outcome measuré&igure7.1le). We used the Rapid2 magnetic stimulator with a deuble
cone coil (Magstim 110 mm Coil, Magstim Ltd, UK) to apply single pulse stimuli over

the primary motor cortex of the TA. To ensure caesisy with the stimulation location
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over the scalp, a neuronavigation system (Localite, GmbH, Germany) was employed to
regi ster part i emogekh where the dptenal dtimulation &potFdd TA
MEPs was saved and tracked over sessions (duehtui¢atproblemsin patients 1, 3 ,4,

5 and 7the neuronavigation system wa®t). Following the standardized proceedings
defined by(Groppa et al., 2012)ve set the cortical motor threshold (Mth) as the minimal
stimulator output intensity required to generate at least 5 evoked potentials larger than 50
MV out of 10 consecutive stimulinlevery block of measurements, 20 repetitions were
elicited at 120% of the daily cortical Mth every 5 to 5.5 seconds. Thetpgaak
amplitudes of the potentials belonging to the same assessment block were calculated and

averaged for each participant.

Transspinal motor evoked potentials-{t4=P)

Magnetic stimulation can be used to assess the peripheral nervous system,
activating the spinal rootat their exit fromthe spine to the muscles through the
intervertebral foramen, resulting in-MEPs §igure 7.1e) (Matsumoto et al., 2013;
Ugawaet al., 1989). The magnetic stimulator with a 90winaular coil was used telicit
tsMEPs at the TA. The stimulation spot at the lumbar level and the estimation of the Mth
were defined as previously explained in the secifi@®5 Every block of measurements
included 30 stimuli of t8EPs applied every 5 to 5.5 seconds at 120% of the spinal Mth.
The peakto-peak amplitudes of #8IEPs were computednd averaged for each

participant.

Somatosensory evoked potentials (SEP)

Stimulating peripheral nerves to produce cortical responses is a measure that
reflects the integrity of the ascending pathways, which can be quantified asFRitPes (
7.1e)(Mauguiere et al., 19997 programmable electrical stimulator Bonestim (Tecnalia
Serbia) stimulated the tibial nerve through sslhesive electrodes. The cathode
electrode was placed over the popliteal fossa and the anode electrode over the patella.
The stimulation intensity was set slightly above the Mth, being the thresholddlagne
the minimum intensity needed to produce visible muscle twitches and muscular potentials

~100 pV in soleus muscleThe SEPs were recorded in the CPz channel and the
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stimulation was delivered at 3 Hz in 500 ps square pulses. A total amount of 60 sweeps
were baseline corrected and averaged for each block of measurements. The size of the

cortical peak was measured as the amplitude difference between P30 and N40.

Transspinal somatosensory evoked potentiatsSEP)

Spinal stimulation can generate ascendinlieys, from the spine to the brain,
resulting in cortical potentials that can be estimated aSEBRs Figure 7.1e)
(Kunesch1993). We used the saminstation setup, spot and parameters used for
eliciting tsMEPs gulsection Transspinal motor evoked potentia(ss-MEP)). Each
assessment block consisted of 30 repetitions-8ERs applied every 5 to 5.5 seconds.

The cortical responses recorded in the CPz channel were baseline corrected and averaged

to calculate the amplitude between the potential P25 and N35.

Hoffmann eflex (Hreflex)

The Hoffmann reflex reflects the efficacy of monosynaptic transmission from the
afferent fibers to the motoneurons at spinal cord Ievigiufe 7.1e). The robustness of
this assessment relies on the leg posture; hence the participants were required to keep
their knee and ankle at 120° and 90°, respectively. We used the same electrical stimulator,
selfadhesive electrodes and stimulatiorotspsed for eliciting peripheral SEPs. The
stimulation was delivered with a square pulse of 1 ms duration. To define the intensity
required for this measurement, a recruitment curve of trentl Mwaves for the soleus
muscle was performed for each papamt(PierrotDeseilligny and Burke, 2005Y his
recruitment curve consisted in a scan of currents delivered in single pulses, starting at 5
mA and progressively increasing in steps of 1 mA until thev&We stabized in its
maximum amplitude. For the assessments, we selected the intensity that elicited an H
reflex with 30% of the Mwave maximum amplitude, being this intensity in the ascending
slope of the recruitment curve of thew#ve. During the assessmentdig a pulse
eliciting a maximum Mwave (Mmax) was followed by 20 Heflex repetitions (10
repetitions in the case of healthy subjects). To ameliorate the effect edgbiostion

depression, but without compromising the experimental time, the interstirmierval
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lasted between 5 and 6 s. The peabeak amplitude of thedeflexes was averaged and

referenced to the Mmax.

Brain oscillatory activity during rest

To evaluate the changes in neural excitability at cortical level, 2 minutes of brain
activity were recorded in every assessment block while participants were resting. The
power spectrum of the OSF channel for healthy subjects was computed using a
periodogram with &second hamming windows, 50% of overlapping, and 0.25 Hz of
frequency resolion. The peak power outputs corresponding to the frequencies selected
for the classifier (i.e., alpha band) were averaged for each subject. For the descriptive
analysis in stroke patients, the power spectral density was calculated averagizg C3
C4.

7.3.8 Clinical and behavioral assessments

The clinical and behavioral assessments were only performed in stroke patients.
The FugkMeyer assessment (FMA) (maximal score = 86 points), which was defined as
primary bdwavioral outcome measure#as usedo measure functional impairment of
lower limb. The spasticity was evaluated by the modified Ashworth scale for spasticity
(MAS) (maximal score = 30 points, including extensor and flexor muscles at the ankle,
knee and higoints). The ambulatory capacity and speed were evaluated by-thet&d
walk test (10MWT), the 2ninute walk test (2mWTandthe timed up and go (TUG) test
(Bolliger et al., 2018)In the 10MWT, the participants walked straight for 14 m and the
time used to cover the middle 10 m was measured. The goal of the 2mWT was to cover
the longest distance withinrBinute period. The TUG consistedstanding up, walking
straight for 3 m, walking back to the chair and sitting down. The time started as soon as

their buttock lifted from the chair and finished when their buttock touched again the chair.

7.3.9 Statistical analysis

Firstly, we studied the eftgs of the BSbased intervention on neural excitability
changes in healthy participants. We determined the normality of the data using the

ShapireWilk test. To measure the influence of our intervention on the assessments of
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synaptic efficacy over time,ewused Friedman's test (4 levels: Pre, PostScreening, PostO
and Post30) for the six outcome measures: pegeak amplitude oMEPs andts-

MEPs, P36N40 amplitude of SEPs, P2835 amplitude of SEPs, ratio of Heflex
amplitude taVimaxand power of brai oscillatory activity in the alpha band. Paired post

hoc comparisons with Bonferroni correction were done using the Wilcoxon signled

test to find significant differences between assessment blocks. In order to analyze whether
the performance of the dedloop intervention can induce modifications in the entire
motor neural system, we studied the relationship between average decoding accuracy and
the change in corticomuscular excitability after clokmgp phase (i.e., PostO and Post30

with respect totte baseline, Pre) using linear regressions. Correlations between decoding
accuracy and changes in MEP amplitude were <c

Secondly, statistical analyses were performed to evaluatechhages in
corticomuscular excitability of stroke participants, who underwent-day8BStbased
intervention. To study the effect of the intervention over sessions, we compared the initial
MEP amplitude of the first session with the MEP amplitude rifflet dinishing every
daily intervention for each patient. We conducted paired comparisons fd@baussian
variables using the Wilcoxon signeank test and Bonferroni correction. Moreover, the
within session effect of the intervention on the corticomwscakcitability was also
investigated. A onsample #test was performed to statistically evaluate significant
changes in MEP size, estimated as the daily difference between Pre and Post, for each

patient.

7.4 Results

7.4.1 Quantifying the effect of the BSI intervigon on synaptic efficacy
of healthy participants

Outcome measures of synaptic efficacy

Figure 7.2 shows the effects of the BSI intervention on the synaptic efficacy
assessments conducted in healthy participants. We firstly studied the effects of the closed

loop intervention on the excitdity of the corticomuscular pathways over time,
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guantified as MEPs (i.e., primary outcome measure). Thetogadak amplitude of the

TA MEPs increased 17.28% for PostScreening, 33.87% for PostO and 32.39% for Post30
with respect to the baseline (Pre). éeind a significant difference in the amplitude
between the assessment blocks, (n =Xt@) = 9.494; p = 0.023. Pebbc analysis
revealed significantly largeFA MEP amplitudes in the PostO (Z-2.675; p = 0.042)

and in the Post30 (Z =2.817; p = 0.0Bcompared to the baseline (Pre). Similarly, the
soleus muscle also presented significant changes in MEP amplitude between assessment
blocks, (n = 17¥%(3) = 10.482; p = 0.015. We found a significant increase of 56.48% in

the size of thesoleusmotor potatials right after the finishing the BSI intervention at
Post0 compared to Pre (Z3.006, p = 0.003).

The efficacy of the motor pathways connecting the spine with the TA muscle,
guantified as t8¢EP, changed in the opposite direction compared to the MEE$ound
a decrease of #8IEP amplitude following the closddop phase, although the changes
between blocks were not significat(@) = 3.743; p = 0.291; n = 21). The differences
in the size of Hreflexes between the assessment blocks were notistdlyssignificant
((3) = 1.114; p = 0.774; n = 14). Regarding the efficacy of sensory pathways, there were
no significant changes in the amplitude of the SE&8)= 0.720; p = 0.868; n = 20) and
ts-SEPs ¥%(3) = 1.800; p = 0.615; n = 15). We did fioid any significant changes in the
activation of the motor cortex, calculated as the peak power in the alphaxB@)d-(
4.705; p = 0.195; n = 19).

BSI control and correlation with MEP amplitude change

The average response of the decoder was based tindgar classifier (LDA) that
optimized the cortical features for the detection of Myure 7.3a depicts the average
performance of thelassifier indicating the percentage of outputs classified as movement
on each time point. The average decoding accuracy, calculated as the mean between TPR
and TNR, was 57.65% for healthy participants.

To study the effect of the closdéabp intervention o the significant changes
observed in our primary outcome measurement,andimear regressions between the

decoding accuracy and the changes in the TA MEP amplitudes in PostO0 and Post30,
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calculated as a percentage of the baseline (Pre). The linear rsbdelsthat higher
decoding accuracies resulted in significantly larger TA MEPs right after finishing the
intervention at PostO (p = 0.018igure 7.3b left). However, this significant positive
relationship between MEP amplitude change and decoding accuracy was not maintained

30min after the closelbop intervention (p = 0.84F{gure7.3b right).
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Figure 7.2: Effects of the BSI intervention on synaptic efficacy assessments of healthy participants. We evaluated
different efferent and afferent neusdgments that comprise the senswmigtor pathways by means of motor evoked
potentials (MEPs)in tibialis anterior and soleus transspinal motor evoked potentials (tsSMEPs);réflexes,
somatosensory evoked potentials (SEPSs), tsaisal somatosensory evakpotentials (tsSEPs) and activation of the
motor cortexin the alpha bandEach plot shows the average, expressed as a percentage of the baseline (Pre), and
standard error of the meafor the different assessment blocks. The statistically significafgretites between

assessment blocks are expressed with horizontal lines and stars.
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Figure 7.3: Average response of the BSI classifier and linear correlations afrttpditude change dbialis anterior

mota evoked potentialdMEP) with the BSI classifier response. (a) Averaged-isgponse of the classifier quantified

as the percentage of the outputs classified as motor imagery, averaged over all the healthy participants. Notice that
time O s represents the beginning of the mimbagery period, and outputs before to t = 0 correspond to false positives,
while outputs after t = 0 mean true positivése shaded gray areas show the confidence interval of the chance level
(alpha = 0.05), calculated on the basis of all the test trialsgording to(Muller-Putz et al., 2008)(b) Linear
correlation between the change in MEP size after the BSI intervention and the decoding accuracy. The differences in
MEP amplitude were estimatezk percentage of the baseline (Rr&sessment). The decoding accuracies were
calculated as the mean between true negative rate (TNR) in the time intérvd] f and true positive rate (TPR) in

the time interval [1, 4] s. Significant correlations betwddEP amplitude and decoding accuracy are represented

with black solid linear regressions.

7.4.2 Proofof concept with chronic stroke patients

Outcome measures of synaptic efficacy

We evaluated the effects of the BBfervention on the corticomuscular
excitabiity quantified as MEP amplitude. Results for the daily MEPs and final post
assessment MEP are summarized in boxploEsgare7.4. To study an over timeffect
of the therapy, every peassessment was compared to thedsessment of the first
session. We found a significant increase of MEP amplitudes, especially in the last
sessions, for some participants (Patients 2, 4, 5 and 7). However, thisingctesasd of
the MEP size was not maintained in the final assessment for all the aforementioned cases.
Moreover, MEP amplitudes of the final assessment were significantly smaller for Patient
1. We also studied whether the daily intervention had a -¢homt effect on the
excitability of corticomuscular tracts in stroke patierigy(re7.5). We found that the
BSl-intervention had a within session effect inducing significantly larger MEPs in 3
patients (one sampletst, Patient 4t(7) = 2.521, p = 0.04; Patient §5) = 3.410, p =
0.019; Patient A(8) = 3.939, p = 0.019).
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Figure 7.5: Comparison othesize of motor evoked potentiddEP) within session. Bar plots reporting mean values
averaged over sessions and solid lines reporting single session valuedMiERramplitudes for each patient before
and after the daily BShtervention(all patients performed 8 sessiorexcept P6 with &essionsand P7 with 9

sessionp The within session significant differences are expressed with horizontal lines and stars.

We analyzed the changes in the other neurophysiological outcome measures
before and after the whole therapyigure 7.6a). The descriptive analysis of these
assessments shed/no clear trend in the changes observed in the amplitude- of H
reflexes, tsSMEPs and tsSEPs. However,palients presented a decrease of the SEP

amplitude after the BSI intervention.

The cortical activity during rest was monitored over sessions and displayed in
plots of power spectral densitgpplementary Figuré.1l). There was not a clear trend
over time in the modulation of the brain activity. Notice that not all the patients presented
prominent activity in the alpha band-1{B) Hz and the control of ¢hBSI (i.e.,

performance) was conditioned by this neural correlate.
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Figure 7.6: Comparison of synaptic efficacy and behavioral assessments and average response of the BSI classifier in
stroke patients. (a) Bar plots representing the mean values of the synaptic efficacy assessments and solid lines reporting
individual values of eachgpient. These assessments included the measurement edpiraabmotor evoked potentials
(tsMEP), Hreflexes, somatosensory evoked potentials (SEP) andgpamal somatosensory evoked potentials (ts

SEP) before and after the Bitervention. (b) Avexged timeresponse of the classifier quantified as the percentage

of the outputs classified as motor attempt, averaged over all the stroke patients. Notice that time O s represents the
beginning of the motor attempt period, and outputs before to t = @gpond to false positives, while outputs after t

= 0 mean true positivesThe shaded gray areas show the confidence interval of the chance level (alpha = 0.05),
calculated on the basis of all the test trials, accordin@Mdller-Putz et al., 2008)c) Bar plots representing the mean

values of the 10neter walking test (LOMWT) (left), therlinute walking test (2mWT) (middle) and the timed up and

go test (TUG) (right), measured before and after the-iB®rvention. The solid black lisalepict theevolution of

each patientNote thatP2 did not perform the TUG; P&as unable to stand up without assistance and could not
perform thebehavioraltests(10MWT, 2mWT and TUG)n his own and none of the posissessments were not

conducted in P6

BSI contrd and clinical and behavioral outcome measures

Figure 7.6b shows the average response over time of the BSI decoder that

optimized the detection of cortical features reflecting motor attempt. The figure depicts
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the average performance of the classifier over time reporting the percentage of outputs
classified as motor attempt. The average decoding accuracy, computed as the mean
betwee TPR and TNR, was 60.35% for stroke patients.

FugkMeyer (max. 86) Modified Ashworth scale (max. 30)
PRE POST PRE POST

P1 74 79 4 2

P2 71 76 1 0

P3 73 75 3 0

P4 65 75 1 0

P7 60 66 3 4

Mean values 68.6 74.2 2.4 1.2

Table7.2 Comparison of clinical scales. Scores of the FMiglyer assessmetftMA) and the modified Ashworth scale
(MAS)for spasticity measured before and after the BSI intervention. The star indicates disapp@direloous in the
ankle.Note P5was excluded from the clinical assessments becauseue perform all movements in the FMA and
had no spasticity; and none of the passessments were not conducted in P6.

Table 7.2 shows the comparison of clinical scales before and after the BSI
intervention. The descriptive analysis of our primary clinical outcome nmeatoved
that all the patients increased in the FMA, 5.6 points in average, indicating a reduction in
sensorimotor impairment after the treatment. The secondary clinical outcome measure
revealed an average decrease of 1.2 points in the MAS, which impliesr@ase in
spasticity after concluding the BSI intervention. Moreover, the BSI intervention led to
the disappearance of ankle clonus in one patient. Regarding the other behavioral
assessments, the descriptive analysis sddbat at the conclusion of thetudy the
patients were better at performing exercises that involved ambulatory capacity and
walking speed. Compared to pmesessments, all the participants reduced the time
required to walk 10 meterEigure?.6c left), being this 5.76 s shorter in average after the
BSl-intervention. Preand postassessment comparison of the walking distance covered
in the 2mWT displagdan averaged increment of 8.2(Fgure7.6¢c middle). Similarly,
the participants were 2.64 s fagberformingthe TUG Figure7.6c right).

Ainhoa Insausti Delgado 197



Chagper 7: Brain-controlled tsMS to restore lower limb paralysis in stroke patients

Usability assessments

Figure7.7illustrates the usability scores reported bglepatient after every block
of closedloop stimulation. Our descriptive analysis on usability of the system ezleal
that the scores for discomfort, pain and fatigue were very low and within a tolerable
range.The scores for concentration on the taskttémpting the movement were high.
All participants reported consistent usability values over sessions. During and after

experimental period, no adverse consequences were addressed by any of the patients.
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Figure 7.7 Usability scoreof the BSI platform reported kstroke patients. Averaged usability scores over sessions
describing how uncomfortable and painful the stimulation was, how exhausting the tagkavhsw easy it was to
concentrate in the motor attempt task while being stimulated. Note that dotted areas indicate that some participants
patients did not perform those sessions (all patients performed 8 sessions, with the exception of P6 and P7).
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7.5 Discusion

The current study demonstrafer the first time that an intervention based on a
norrinvasive brairspine interface (BSI), which reB@n continuousEEG-guided trans
spinal magnetic stimulation (#dS), increase the responsiveness of corticomuscula
pathways in healthy individuals. Furthermore, we validate the BSI system in stroke
patients and report on the positive changes in corticomuscular excitability and
improvement ofbehavioral andclinical scales after an-8ay intervention. The here
presened results contribute to the development and design of BSI technology as a

rehabilitative tool fotower-limb paralysis.

7.5.1 Healthy subjects

We found that a singieession BSI intervention, which included a screening and
a closedoop stimulation phase, resedl in a significant increas# the excitability of
the cortical projections to the leg muscles. Tihigease oMEP amplituds in the TA
andSoleusmuscles was observed right after finishing the cldeeg phase and, in the
case of TA, remained for up 30 min after. These findings indicate that our BSI
interventioncouldinduce longterm potentiation of the motor cortex and corticomuscular
tracts. Itshould be considerdtat the absence of a control group for healthy participants
limits the results of the current study. In spite of the improvements in corticomuscular
efficacy shown after the intervention, we cannot conclude whether the increase in MEP
amplitudes derives from the neural excitatory effects induced by the braintrolled ts
MS or is a result of other factors, such as performing the Ml task over time ofMi® ts
itself. Nevertheless, in a previous study, Takahashi and colleagues instructed their
participans to perform Ml of their ankle dorsiflexion for 20 min and demonstrated that
this was notsufficient tosignificantly enhance corticomuscular excitabilffakahashi
et al., 2019)Indeed, they demonstrated tkiad MEP amplitude of TA was significantly
increased when combining the kéiskwith peripheral stimulation, like demonstrated in
previous literaturgKaneko et al., 2014; Yasui et al., 201®egarding the possible
exdtatory effects of the t#1S itself, there is evidence supporting that the becaintrolled

spinal stimulation boosts motor recovery of locomotion in contrast to -lopgn
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stimulation(Capogrosso et al., 2016; Bonizzato et &18) In line with these findings

we found a significant relationship between the decoding accuracy and the changes
induced in the corticomuscular pathways. @sultsrevealed that those subjects who
controlled better the BSI system, achieved a rpoeeise link between brain activity and
spinal stimulation and, in turn, experienced larger increase of MEP amplitude. Although
this positive relationship was not maintained 30 min after finishing the elospgphase,

this finding supports the key rolé associative connections enabled by the BSI platform.
Altogether, one could surmise that the excitation of the corticomuscular connections

mightbereinforced by the combination of M| task aneMs$.

The tsMEP amplituds barely changed through the sessimeaning that the
excitability of alpha motoneurons was maintained. This result ddffsom what we
initially hypothesized, thavas a higher responsiveness of the spimascular pathways
that could be caused by a shift in the triggering threshoddpbfa motoneurons, making
them more efficiently depolarized for a certain inghMurray and Knikou, 2019)
Conversely, the BSI intervention did not produce the expected effect. Subsequently, if
the output response of neurons from the spine to the muscle did not change over time, we
could speculate that the excitatyil differences observed in the projections from the
cortex to the target muscle rely on an increased efficacy of the espiice connections

and/or supraspinal neural structures.

We did not find any significant influence of the BSI intervention ereftexes.
While some studies using optop transspinal direct current stimulation in healthy
subjects reported decreased excitability ofefflexes (Murray et al., 2018) others
described increased amplitude ofréflexes(Lamy et al., 2012br moderate effects on
the Hmax/Mmax ratigWinkler et al., 201Q)Due to the large variability among study
protocols (e.g., posture, electrodes location and polarity, stimulation currents, duration,
etc.), every assumptiareeds to be carefully considered. Nielsen and colleagues carried
out a protocol comparable to oMielsen and Sinkjaer, 19974@Ithough it must be taken
into account that they applied repetitive off@op magnetic stimulation. After 5min of
consecutive sequences of 5 s of rest and 5 sMfStait 25 Hz, they found that heajth
participants presented an initial increase of thettexes followed by a depression of H

reflex amplitude that lasted for 30min, even though the changes were not significant. In

200



7.5 Discussion

contrast, our results show the opposite effeatrease of Heflex ampltudes)30 min
after finishing the closetbop phase. However, we did not find any significant
differences and cannot conclude whether the hramrolled tsMS modulates the

responsiveness of group la afferents and spinal motor axons.

The BSI interventionlid not significantly interfere with ascending somatosensory
pathways, neither when SEPs were elicited peripherally nor spinally. Earlier evidence
showed that anodal trasspinal direct current stimulation reduced the SEP amplitudes up
to 20 min followingthe stimulation offse{Cogiamanian et al., 2008However, our
results are not in line with this decrease in the excitability of the somatosensory cortex.
While the peripherally evoked SEPs hardly changed over assessment blocks, the spinally
evoked SEPs increased (not significantly) over time. Yet, we caonctude whether
the BSI intervention generated an enhanced excitatory input from the spinal segment to

the somatosensory cortex.

Amplitude changes of sensorimotor rhythms reflect modulation of the excitatory
response of a population of neurons. Cortical activation anddom control processes
have been related to the power suppression of sensorimotor oscillatory activity in the
alpha bandKlimesch et al.2007) Therefore, after the BSI intervention, we expected to
observe a reduction of this rhythmic band. However, the results were mixed and could
not find any tendencyl he duration of the session could have interfgréatiguing the
participantsand in turn,inhibiting the facilitatory effects of the interventi¢klimesch,

2012)

7.5.2 Strokepatients

This is the first study on stroke patients that valislateoninvasive BSI system,
based on the continuous control ofM$§, and explore the neurophysiological and
clinical effects of it. The measurements of corticomuscular excitability rede¢aht the
BSI intervention produced significant effects over experimental days and within session
in some patients. The MEP amplitudes increased in comparison to the first session and
this change was more likely to be significant in the last sessiotesestingly, we

observed that some patients presented a progressive increase of MEP amplitude over
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time. Furthermore, we found that a single session could induce enlargement of MEP size,
as we observed in healthy participants. Altogether tiigiesthatthe BSI intervention

might haveimmediate effects on the improvement of corticomuscular connection
efficacy within a session, but it mighot besufficient and might require several sessions

to produce longerm effects.

When observing the progressiveiaaseof MEP amplitude in some patients,
one could expect the -MEP amplitude to respond accordingly after the BSI
intervention. However, we did not find significant changes in the response of spinal motor
neurons and we cannot draw conclusions abdwteffect of the intervention on them.
Indeed, given the lack of changes observed in BB amplituds of healthy subjects,
one could speculate that the excitability modulation of this neural network might not be
influenced by our intervention and tHatilitatory changes may be more likely to occur

in supraspinal and/or cortiegpire pathways.

Following the brain damage, the loss of supraspinal control and the imbalance
between excitatory and inhibitory processes arise resulting in exaggeratedesj@res.
In light of previous studies that described the correlation between motor recovery and H
reflex amplitudg Kawashima et al., 201&awaishi et al., 2017we expected to induce
a reduction of the abnormal behavior of spinal reflexes. However, the changestiex-
amplitude were mixed and these resuitsre not conclusive. Thus, weould not
determine whether the BSI interventibad an effect on spinal reflexes. With regard to
afferent pathways, it has been evidenced that stroke patients present low SEP amplitude
compared with healthy subjedf8l-Rawi et al., 2009)Strengthening the integrity of
sensory pathways has been correlated with functional recovery after @dtesket al.,
2010) While peripherally elicited SEP amplitiglg@ecreased after the BSI intervention,
the changes in {SEP amplitude did not show a clear trendr @sults suggestl that
therecouldbe a reduced input from the periphery to the somatosensory cortex, although
this descriptive analysiid not lead to definitive conclusions. Regarding the activation
of the motor cortex over, despite the brain ostia activity has been proposed as a
biomarker of motor recovery in stroke patie(f®ay et al., 202Q)we could not observe

a strengthening of the sensorimotor rhythm in the alpha band over time
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The increased responsiveness of corticomuscular pathways over and within
sessions observed in some patients might have potentiated the improvements in clinical
and behavioral assessments. This potentiation might have positively affected the
volitional maor control, balance and walking speed of stroke patients. Overall, they
performed better the 10MWT, the 2mWT and the TUG tests after the BSI intervention.
The FMA scores also improved indicating a decrease of the sensorimotor impairment in
all the patierg. These findings coincide with the beneficial effects regaining motor
control reported on spinal cord injury patients who underwent transcutaneous spinal
stimulation (Inanici et al., 2018; Alam et al., 2020dditiondly, the transcutaneous
spinal cord stimulation has been proposed as a potential tool to attenuate the impact of
spasticity in paralyzed patientdofstoetter et al., 2014, 2020; Minassian et al., 2016b)
Within the approaches using magnetic stimulation, previous publications reported that
this modality of stimulation applied over the lumbar nerve roots dect¢hsespastic
tone in patients with difrent spinal lesionéNielsen et al., 1996; Krause et al., 2004)
They hypothesized that the stimulation provided proprioceptive input to the spinal and
supraspinal neural networks diminishirge tspasticity. Our experiment slightly differs
from these studies, since the magnetic stimulation was not passively delivered, and the
involvement of brain activation was necessary. However, our descriptive analysis also
indicated that almost all the patis experienced a reduction of the spastic tone after the
8-day intervention. We even observed the disappearance of ankle clonus in one patient.
Collectively, the EE&uided tsMS may be an optimal therapeutic neuromodulation tool

to enhance motor contrahd decrease spasticity.

Stroke produces a wide heterogeneity of brain lesions that, in addition to the
particularity of individual cortical activity, results in various cortical activations even in
patients performing the same motor tdskSt epi en et al . ,.Thu§11; Pai
when evaluating the performance of the system it should be considered that the abnormal
brain activation derived from the disease hinders the identification of neural correlates.
Nevertheless, all the patients satisfactorily controlled the BS¢syand the decoding
accuracy was within the acceptable range for clkbsep neurorehabilitative systems
(RamosMurguialday et al., 2013Moreover, to validate the feasibility and applicability

of the noninvasive BSI, we stui@d several usability scores. In general, there was a good
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tolerability (e.g., low discomfort and pain) to the stimulation among the patients and none
of them reported adverse effects. Most of the patients agreed on the low fatigability an

constant concentration over the session.

7.5.3 Limitations

The main limitation of the current work is that it describes an exploratory study
as no control group has been included in any of the experiments. Consequently, the here
presented results have to besfally considered. There is nhot enough evidence to support
the conjecture that the contingent activation of relevant brain areas and spinal pools and
muscles leads to beneficial effects. However, we believe thafinkexl motor volition
and sensory feddck is a key feature of our system that could promote Hebbian
mechanisms contributing to functional recovery. Moreover, the comparisons between
healthy participants and stroke patients has to be done with caution since the pathological

condition is compleely different between them.

The duration of the BSI intervention in stroke patients could have been a
conditioning factor, since we could not see significant changes in all the
neurophysiological assessments or in all subjects. Future resbardd investigate the
rehabilitative benefits of treatments based on this technology in a larger population of
stroke patients during a longer interventional period. Additionally, the framework of our
BSI should be expanded beyond the treatment of lbwer paralysis in stroke patients.

The braincontrolled modulation of the spinal networks could also be used to rehabilitate
hand and arm functional deficits and/or support the recovery from other neurological

disorders, such as SCI.

As we previously evidence{dnsaustiDelgado et al., 2020the EEG is a nen
invasive recording system with good temporal resolution, but with proneness to become
easily contaminated by undesired noise hindering the quetiin of brain activity.
Moreover, due to the low spatial resolution of this neuroimaging tool, identifying
activation of the foot cortex located in the mesial wall is more complicated compared to
hand movements, which activate larger and more superéorital regions which are

easily discriminatedPfurtscheller et al., 2006)These facts could have affected the
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quality and stability of the siglhampering the estimation of brain activation and, in
turn, reducing the accuracy and control of bi@amtrolled systems. Despite the room for
improvement of this kind of technologies, the decoding accuracies were within the
acceptable level of closddop driven neuroprosthetigRkamosMurguialday et al.,
2013)

The posture of the participants during clo$eop stimulation might also have
influenced the effectiveness of the intervention. Depending on gtarppthe nerves in
the spinal coréiremore accessible and, in turn, the spinal motor threshold can be slightly
modified. Thus, special care should be taken in keeping the back of the participants
straight during the intervention. Moreover, the body tari®n also plays a critical role
when defining the motor threshold, since the amount of fat tissue located under the skin
limits the diffusion of the magnetic field. In addition, stroke patients usually present
chronic pain and other kind of disorderaused by the disease and experimental

protocols, such as stimulation intensity, should be adapted to these situations.

The here presented findings provide a probtoncept towards the development
of BSIs as a relant tool for recovering from neurological disorders. Given the wide
variety of spinal stimulation protocols in literature (e.g., stimulation parameters, type of
stimulation: electrical vs. magnetic, open vs. clelep stimulation), resultgrom
previousstudies can be hardly compared with our findings. In fact, our results are limited
to the stimulation parameters selected and further studies should consider investigating
the influence of other protocol parameters (e.g., intensity, frequency, dosenefginal
excitability in order to optimize BSbased treatments. Apart from that, the spinal cord is
a complex structure that presents a less clear spatial organization compared to the brain,
which hampers the characterization of the components embgedidtesde neural circuits
(Rybak et al., 2015)We defined a set of synaptic efficaagsessments describe the
neurophysiological changes that could be induced after a BSI intervention. However,
additional assessments might be required to characterize in a more ieehawastner
how the braircontrolled spinal stimulation interacts with the nervous system. It is
undeniable that computational neuroscience and bioelectromagnetic modeling, together
with experimental findings, will provide paramount insights to the field of

neurostimulation. Finally, the scientific progress and technological advances of the last
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years will lead to new generation devices, which encourage us to be optimistic about this

promising future of our research field.
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