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Para ser grande, sé inteiro: nada

Teu exagera ou exclui.

Sé todo em cada coisa. Pde quanto és
No minimo que fazes.

Assim em cada lago a lua toda

Brilha, porque alta vive.

Fernando Pessoa, em Odes de Ricardo Reis, 1933.






Acknowledgements

Acknowledgements

A Maria, por me ter acolhido neste projeto ja tao tardiamente mas ter sido
sempre paciente com a minha impaciéncia. Por toda a ajuda, toda a experiéncia e
conhecimentos transmitidos ao longo desta fase crucial e por me ter permitido, desde
cedo, confiando em mim, evoluir. O meu mais sincero obrigado por me ter guiado nesta
jornada, sem a Maria nao teria sido possivel.

A Catarina, ao Castelhano e & Ana, por toda a prontidao na ajuda que fui
precisando, por me terem deixado tao a vontade num lugar tdo novo para mim e,
sobretudo, pela forca que sempre me transmitiram. O meu muito humilde e profundo
obrigada pelo exemplo incrivel que foram para mim. Ao Felix, pela partilha de ideias, por
todo o apoio técnico e por me colocar sempre questdes pertinentes que me fizeram
repensar o projeto e, sempre, melhora-lo.

Aos meus amigos de c4, pela amizade genuina, nao s6 neste, mas também
nos 5 anos que agora terminam. Por fazerem sempre questdao de me lembrar que o
caminho é longo, mas ndo estou, nem estive sozinha a percorré-lo. Agradeco, nao sé a
vocés, mas também a esta cidade por os nossos caminhos se terem cruzado. Caminho,
agora, mais capaz, muito também gragas a vocés.

A Bea, por me ter sempre contagiado com esta paixao pelas “Neurocenas’,
com um entusiasmo unico. Por ter sido uma mentora para mim, neste percurso e, mais
gue isso, uma amiga, sempre pronta a ouvir-me e a aconselhar-me. Apesar de o sentir
desde o primeiro dia, agora posso afirma-lo mais firmemente, conseguiste contagiar-me!
E que grata estou por isso — obrigada.

As melhores colegas de casa que esta cidade me podia ter permitido conviver
com. Nem todos tém a sorte de partilhar casa com amigos de verdade - eu pude fazé-lo.
Obrigada por terem sido, c4, uma familia para a qual eu voltava em cada final de dia.
Obrigada por terem sido incansaveis em me ouvir e fazerem de tudo para me arrancar
um sorriso quando os dias foram mais duros. Nao foram assim tdo duros gracas a vocés.

Aos meus amigos de |4, por me ensinarem que o que é verdadeiro nao se
esquece nem se perde nos quildmetros que as vezes nos separam. Obrigada por fazerem

o longe perto. A Daniela por ser a melhor amiga que eu podia pedir, que, mesmo do outro

Andreia Verdade iii



Motor excitability modulation during the delay period —a TMS and pupillometry study

lado do globo, me apoiou e fez dar gargalhadas, as vezes até do que nem era suposto rir,
como se aqui estivesse. Orgulho-me muito do que construimos. Ao Hugo, por todos os
conselhos valiosos e por sempre ser tdo atencioso e preocupado, como se meu irmao
fosse. Obrigada por seres um exemplo de lutador para mim, daqueles que ndo se abate
pelas adversidades e que me faz acreditar que quem luta, vence.

Ao Pedro, meu melhor amigo, meu cumplice, meu amor. Dir-me-as que o
amor nao se agradece, mas eu acho que, de tao raro que ele &, se deve fazé-lo. Obrigada
por celebrares as minhas vitérias e sentires as minhas derrotas como se tuas fossem.
Obrigada por me agarrares quando eu tropecei e as vezes até me empurrares para evitar
gue eu saisse do trajeto. Obrigada por me relembrares, sempre que me esqueci, que o
caminho, mais ou menos tortuoso, faz-se caminhando. Obrigada por té-lo caminhado
comigo.

Aos meus pais e a minha mana, sem os quais nada disto tinha sido possivel.
Nao ha palavras que descrevam a minha gratidao, mas ainda assim aqui vos deixo a
minha tentativa de o fazer. Obrigada por terem sido sempre os motores que me
impulsionaram neste caminho. Obrigada por terem, da melhor forma que poderia haver,
me ensinado a percorré-lo. Percorri-o, o melhor que pude, sempre honrando esses
ensinamentos. Todos os meus feitos nao foram sé meus, foram e serdo sempre também

vossos. Nao me ensinaram s6 a caminhar, deram-me asas.

iv 2017



Abstract

Abstract

All aspects of motor behavior are ensured by the motor cortex. The efficiency
of motor behavior has been widely suggested to depend on the ability to use prior
information to prepare the motor system for a later response, during a short interval
known as motor preparation period. The fine control of movement execution is critically
dependent on the primary motor cortex (M1) and its healthy excitatory and inhibitory
systems. The functional organization of M1 has allowed the assessment of corticospinal
(CS) excitability and the investigation of adaptive changes in human motor cortex
through transcranial magnetic stimulation (TMS). Several studies using TMS have shown
CS inhibition earlier than the actual movement execution: during the movement
preparation period. This motor inhibition seems to have a role withholding automatic or
inappropriate responses and, therefore, favoring the upcoming motor response.

CS excitability has been closely linked to the locus coeruleus-norepinephrine
(LC-NE) system and its crucial role in neuronal plasticity in the human brain. The activity
of the LC-NE system, closely related to arousal and stress states, is reflected by pupil
dilation and, therefore, pupillary response has become a well-established indirect
indicator of NE-release through LC activation. Due to its important role in synaptic
plasticity, the LC-NE system has been also related to cognitive functions as learning and
memory; and pupil diameter, known to reflect LC-NE activity, has been proved to increase
during mental activities. These evidences have allowed to raise crucial questions
regarding the crosstalk between cortical excitability and pupil dilation, as the specific role
of norepinephrine (NE) in these processes and, more importantly, how parameters known
to have an effect on NE levels are able to differently modulate CS states.

Accordingly, in the present study, in Part |, the effect of decision complexity
on pupillary response was investigated recording pupil diameter fluctuations in 5 young,
healthy participants using an eye-tracker system while performing a cued-choice
reaction time (cued-CRT) task with two different decision complexity conditions and a
passive-viewing condition. In Part Il, the hypothesis of pupillary response fluctuation

being an indirect indicator of motor cortex excitability modulation was evaluated using
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TMS and crossing pupillometry data with the evoked responses amplitude. TMS pulses
were delivered over the left primary motor cortex in 5 healthy subjects to induce motor
evoked responses (MEPs) in a right hand muscle at various timings during the visual task
performance.

Pupillometry results confirmed that decision complexity modulated pupil
response with a greater pupillary dilation locked to the higher complexity condition. The
passive-viewing condition did not elicit a significant pupillary response suggesting that
pupillary response may therefore be a good indicator of the subject’s engagement in a
task.

The MEPs amplitude across subjects assessed during the motor preparation
interval, between the cue and the target stimuli, was also modulated by task
engagement. Surprisingly, and contrary to what was initially hypothesized, MEPs
amplitudes during this period did not reveal an inhibition of cortical tract and, in fact, a
facilitation was observed for the three conditions. Greater cortical excitabilities were
associated with the active task engagement. Thus, the preparation of a motor response
had an effect on CS excitability baseline levels. However, no effect of decision complexity
during this period was observed.

Finally, the analysis revealed a correlation between the pupil fluctuations and
MEPs peak-to-peak amplitudes relative to MEP baseline values for all three conditions.
Thus, greater pupil size variations appear to be related to higher excitability levels of the
CS tract during the preparatory period, in accordance to the proposed hypothesis of pupil

response as a good and reliable indicator of motor cortex excitability.

Keywords: CS excitability, motor preparation, decision complexity, pupillary

response, TMS
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Resumo

Resumo

Todos os aspetos do comportamento motor sao garantidos pelo cortex
motor. A eficiéncia deste comportamento tem sido amplamente sugerida depender da
capacidade do uso de informacdo prévia para preparar o sistema motor para uma
resposta tardia, durante um intervalo de tempo fugaz conhecido como periodo de
preparacao motora. O controlo preciso da execu¢cao do movimento é dependente do
cortex motor primario (M1) e do adequado funcionamento dos seus sistemas excitatério
e inibitério. A organizacao funcional do M1 tem permitido o acesso a excitabilidade
corticoespinhal e a investigacdo das mudancas adaptativas no cortex motor humano
através do uso da estimulagao magnética transcraniana (EMT). Estudos recorrendo ao uso
de TMS tém revelado uma inibicdo corticomotora muito antes da execucdo de uma
resposta motora: durante o periodo de preparacao do movimento. Esta inibicao motora
parece ter um papel ao evitar respostas automaticas ou inapropriadas e, portanto,
favorecendo a resposta motora futura.

A excitabilidade corticoespinhal tem sido relacionada com o sistema locus
coeruleus-norepinefrina (LC-NE) e o seu papel crucial na plasticidade neuronal no cérebro
humano. A atividade do sistema LC-NE, intimamente relacionada com os estados de
alerta e stress, é refletida pela dilatacao da pupila e, consequentemente, a resposta
pupilar tem-se tornado um indicador indireto bem fundamentado da libertacao de
norepinefrina (NE) pela ativacdo do LC. Devido a sua importante funcdo no processo de
plasticidade sindptica, o sistema LC-NE tem também sido relacionado com funcgdes
cognitivas como aprendizagem e memoria; e o didametro da pupila, que se sabe refletir a
atividade do sistema LC-NE, tem sido demonstrado aumentar durante atividades
mentais. Estas evidéncias tém assim permitido levantar questdes crucias relativas a
interacao entre a excitabilidade cortical e a dilatacao da pupila, como o papel especifico
da norepinefrina nestes processos e, especialmente, como parametros que afetam os
niveis de NE modulam diferencialmente estados de excitabilidade corticoespinhal.

Consequentemente, no presente estudo, na Parte |, o efeito da complexidade

da decisao na resposta pupilar foi estudado através do registro das flutuacdes do
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diametro da pupila, usando um sistema de eye tracking, em 5 jovens saudaveis enquanto
estes executavam uma tarefa de tempo de reacdo com duas condicdes de diferente
complexidade de decisao e uma condicdo de visualizacao passiva. Na Parte ll, a hipétese
da oscilagcao resposta pupilar ser um indicador indireto da modulagdo da excitabilidade
do cortex motor foi avaliada usando TMS e combinando os dados de pupilometria com a
amplitude dos potenciais evocados motores (PEMs). Os impulsos de TMS foram dados a
5 jovens sauddveis sobre o cortex motor primario esquerdo, de forma a induzir potenciais
evocados motores num musculo da mao direita, em diferentes momentos durante a
execucao da tarefa visual.

Os resultados de pupilometria confirmaram que a complexidade de decisao
modaula a resposta pupilar, com uma maior dilatacao da pupila associada a condicbes de
maior complexidade. O uso da condicdo visual passiva revelou também a resposta
pupilar como um bom indicador do envolvimento ativo na tarefa.

As amplitudes dos PEMs obtidas durante o intervalo de preparacao motora,
entre a pista preparatéria e o estimulo, mostraram também, em concordancia com os
dados de pupilometria, serem moduladas pelo envolvimento do sujeito na tarefa.
Contrariamente ao inicialmente esperado, as amplitudes das respostas motoras
evocadas registadas durante este periodo nao revelaram uma inibicdo do tracto
corticoespinhal e, na verdade, uma facilitacdo cortical foi vista para as trés condicoes.
Elevados valores de excitabilidade cortical foram registados para as condicdes de
envolvimento motor ativo na tarefa. Consequentemente, a preparacdao da resposta
motora parece ter tido um efeito nos niveis basais da excitabilidade corticomotora.
Contudo, nenhum efeito da complexidade de decisao foi vista nestes resultados.

Por fim, a andlise cruzada dos dois tipos de dados revelou uma correlacao
entre as oscilagdes da resposta pupilar e as amplitudes dos PEMs medidas, para as trés
condigdes. Por conseguinte, estes dados parecem sugerir que maiores variacées no
diametro da pupila estao relacionadas com maiores niveis de excitabilidade do tracto
corticoespinhal durante o periodo de preparacao motora, de acordo com a hipétese
inicialmente proposta da resposta pupila ser um bom indicador do nivel de excitabilidade

corticomotora.
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Chapter I. Introduction

1. CHAPTERI.INTRODUCTION

1.1.Cerebral cortex

The nervous system (NS) is a complex cellular network composed of highly
specialized neural circuits in which every aspect of behavior relies. The complex
processes performed by these circuits depend on the interaction of neurotransmitters
and cellular receptors to determine the level of neuronal excitability [1].

Different NS areas are demonstrated to be responsible for different functions
of human behavior [2]. The cerebral cortex is a thin convoluted sheet of neuronal cells
covering the outer portion of the cerebrum. It is typically 2-3 mm thick, consisting of small
folds called sulci, large grooves called fissures, and bulges between them called gyri [3].
The cortex is functionally divided into three separate groups: sensory, motor and
association cortices.

Initially examined by Korbinian Brodmann in 1909 [4], the cerebral cortex can
be organized in six horizontal layers (layer |, closest to the outer surface of the cortex, to

layer VI, preceding the white matter) (Figure 1.1).

Vi

Figure 1.1 - Cerebral cortex layers and representative cells. Pyramidal cells (Py) project globally across the
6 layers. Interneurons can be subdivided in aspiny and spiny stellate neurons (Asp, Sp) are mainly located
in layer IV, although their processes extend into other layers. Adapted from [5].
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Each layer is mainly characterized by the presence or absence of two main cell
types: interneurons and pyramidal cells. Although interneurons only project locally [4],
dendrites of pyramidal cells extend both horizontally and vertically, and form extensive
networks in layers Il to IV [6], which are thought to allow the flexible synaptic organization

of the motor cortex [7].

1.1.1. Motor cortex

All aspects of movement control are ensured by the motor cortex, which is
located in the precentral gyrus of the frontal cortex, anterior to the somatosensory cortex.
Its composition includes namely primary motor cortex (located in Brodmann’s area 4;
M1), non-primary motor cortices of supplementary motor area (medial aspect of
Brodmann’s area 6), premotor cortex (medial aspect of Brodmann'’s area 6), and cingulate
motor areas (Brodmann's areas 6¢, 23c, 24c) [4].

Circuits in M1 work as an active local network, as they receive and integrate
convergent inputs from sensory and motor systems, and their collective and coordinated
output carries the corticofugal signals consequently generating movement [8]. Multiple
long-range excitatory input pathways including corticortical projections, thalamocortical
projections and neuromodulatory projections converge on M1. Major outputs from M1
include projections to spinal motor centers, striatum, thalamus, subthalamus, red nucleus
and pons [8, 9]. Therefore, M1, common to all mammalian species, is a central area in the
motor cortex and several research studies have revealed its crucial role in motor control
[10,11,12].

The primary motor cortex contains giant pyramidal cells which originate in
layer V and terminate directly on motor neurons in the ventral horn of the spinal cord.
These cells, also referred to as Betz cells (Vladimir Betz, 1834-1894), provide the most
direct pathway for movement execution [13].

Although it was thought only neurons originated from M1 could form a direct
pathway with spinal motor neurons, additional studies suggest that other motor cortices
besides M1, including premotor cortex, have a significant number of direct projections to

spinal motor neurons [14]. However, the necessary threshold to evoke movements from
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premotor areas is much higher than in primary motor cortex [15]. Therefore, voluntary
movement is predominantly executed by signals from the primary motor cortex.

Ever since 1870, the discovery that electrical stimulation of the cortical surface
was able to generate contralateral single muscle spasms and limb movements [16],
several studies have proved the causal role of M1 in voluntary movements. The growing
interest in this cortical area allowed Penfield several years later to characterize it with a
functional mapping representation of the human body - the Homunculus (Figure 1.2)
[17].

This topographical organization revealed by electrical stimulation and
showed ordered representation of areas controlling the foot, leg, trunk, arm, hand, digits
and face arranged from medial-to-lateral along the surface of the cerebral hemisphere
[18]. However, not all body parts are represented equally; specifically, lips and tongue,
thumb and hands which are used in tasks requiring precision and fine control have

greater representations in the primary motor cortex.

Toes

Jaw !
Motor cortex
Tongue

Swallowing

Figure 1.2 - The Homunculus - is a functional mapping representation of the human body in the primary
motor cortex. The word homunculus comes from the Latin word which translates as “little man”. Adapted
from [19].

Although this topographical characterization has been confirmed by

neuroimaging techniques [20, 211, Homunculus has been subject to discussion since
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intracortical stimulation in motor cortex sites evokes movements of more than one
muscle, and individual muscles can be activated by multiple, distributed sites in motor
cortex [22]. Studies with positron emission tomography (PET) found overlapping
activation patterns for distal and proximal arm movements within the M1 arm area [23],
whereas higher-resolution functional magnetic resonance imaging (MRI) method has
also revealed overlapping distributed activation in M1 for distinctive movements of the

fingers, wrists, and elbows [24].

1.1.2. Motor cortex excitability

Motor behavior relies on the precision of the primary motor cortex circuits,
which in turn is critically dependent on healthy inhibitory and excitatory systems (Figure
1.3).

Inhibitory states are mainly mediated by the activation of y-Aminobutyric acid
(GABA) A and B receptors [25]. Binding of GABA neurotransmitter to GABAa receptors,
which are primarily post-synaptic, can allow chloride (CI") entry through their pores. This
Cl influx increases the negative charge inside the postsynaptic neuron, leading to
hyperpolarization and therefore an inhibitory effect on neurotransmission. GABAg is a
metabotropic receptor coupled to G-protein and is located both pre and
postsynaptically. Postsynaptic GABAg receptor, when in active state, allows the opening
of potassium (K*) channels leading to a neuronal hyperpolarization. This change in
membrane potential called an inhibitory postsynaptic potential (IPSP) reduces the firing
rate of the neuron by temporarily keeping the membrane potential away from firing
threshold. Plus, activation of GABAs receptors localized pre-synaptically will inhibit the
release of neurotransmitters through a decrease in adenylyl cyclase activity, an enzyme
that catalyzes the formation of cyclic adenosine monophosphate (cCAMP), and membrane
calcium (Ca?*) conductance [26].

Excitatory processes are mainly facilitated by the action of cationic channels
N-methyl-D-aspartate receptors (NMDARs) [27]. NMDAR:s activation requires the binding
of the excitatory amino acid glutamate (Glu) to the receptor and also a sufficient

postsynaptic depolarization (excitatory postsynaptic potential (EPSP)) to remove the
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magnesium (Mg?**) blocker ion from the channel, which results in intracellular Ca?* and
sodium (Na*) increase [28] and the postsynaptic neuron depolarization giving rise to an
NMDA-mediated prolonged EPSP. Ca** acts as a second messenger inside the neuron
leading to the subsequent activation of a number of signaling cascades and several
pathways as the phosphoinositide-3-kinase - protein kinase B (PI3K-Akt) pathway,

modulating long-term potentiation (LTP), a persistent strengthening of synapses [29].

A) Inhibitory B) Excitatory

voltage

gated ion
channels

Presynaptic Terminal Postsynaptic Terminal 2 @ ;E
Glutamate ..¥> non-NMDA }Glutamate
°

plexes
oG NMDA

GABA receptor

NMDA receptor-ion pore complex

Glutamate binding site |
— Z o
glycine co-activator ‘

site

ion
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Figure 1.3 - Inhibitory and excitatory synapses in the CNS. A) Inhibitory synapse. GABA binding to its
postsynaptic GABA. receptors allows chloride anions entry, ultimately leading to hyperpolarization. B)
Excitatory synapse. Glu can exert its functions by binding to several types of receptors: ionic receptors

and metabotropic glutamate receptors (mGluRs), which are coupled to G-proteins. However, excitatory
transmissions in the human brain are mainly facilitated by Glu coupling to NMDARs. This binding results
in an increase of intracellular Ca** levels, which ultimately facilitates the excitatory synaptic transmission.
The opening of the NMDA-ion pore requires not only Glu but also glycine binding, leading to the removal
of remove the Mg?* blocker. Adapted from [30].

Abnormal reorganization of these brain circuits can result in disturbed
function and manifest as several neurological disorders, such as increased circuits
excitability in patients who suffered from stroke, or patients with Huntington disease
(HD); or impairment in intracortical inhibition observed in patients suffering from
dystonia, Parkinsonian disorders, Tourette syndrome or attention-deficit/hyperactivity
disorder (ADHD) [31].

Thus, the assessment and monitor of the state of excitability of the
corticospinal pathway has gained interest not only in the research field but also for the

diagnostic and therapeutic strategies in pathophysiological conditions affecting the
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motor system. The currently most used technique to probe corticospinal (CS) excitability

is transcranial magnetic stimulation (TMS).

1.2. Transcranial magnetic stimulation

Transcranial magnetic stimulation (TMS) is a non-invasive, painless,
neuromodulatory technique for cortical stimulation, first introduced by Anthony Barker
[32].

A TMS stimulator is composed of a capacitor, which is capable of charging up
to 2 kV and can produce a pulse current of 5-10 kA when discharged, and a magnetic coil
made of copper wire, working as an inducer [33].

Stimulation is based on Faraday’s law of Induction, which states that a time-
varying magnetic field can be used to induce an electric current [34]. The phenomenon,
known as electromagnetic induction, is the result of a relative motion between a

conductor and a magnetic flux, ®B, resulting in an induced electromotive force (voltage),

€, across the conductor:

_ doB
dt

The magnetic field is typically 1-4 T and is produced with lines of flux passing
perpendicularly to the plane of the coil (Figure 1.4). The resulting electric current is
induced perpendicularly to the magnetic flux and flows in loops parallel to the plane of
the TMS coil, allowing a more likely modulation of nerve cells that are distributed

horizontally relative to the brain surface [35].
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Electric field

Figure 1.4 - The current flowing in the magnetic TMS coil generates a perpendicular magnetic field that
consequently induces an electric current in specific cortical regions below the coil position. Adapted from
[36].

When TMS is applied, an electric field is induced in the brain region beneath

the coil and a force F is exerted on circulating ions which, consequently, start to move at
a constant velocity in the direction of the induced electric field and contrary to the
magnetic flux variation that produces it, according to Lenz law. This oriented flow of ions
is an electrical current. Thus, TMS is capable of modulating neural activity, since the
induced electrical currents will alter the transmembrane potential of neural cells inducing
action potentials.

Although there are different types of coils, figure-of-eight shaped coils are the
most currently used when the purpose is to produce a more focal stimulus, however,
weaker.

When placed over the primary motor cortex, TMS coil is able to activate CS
neurons via the intracortical circuit’s stimulation. This stimulation elicits descending
volleys (D-wave and I-waves) in the corticospinal fibers which activate motor neurons and
produce a short-latency motor response (contraction) of peripheral muscles contralateral

to the stimulation region. This motor evoked response (MEP) can be recorded using
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electromyography (EMG) and its amplitude provides an assay of corticospinal and motor
neurons excitability responsible for the targeted motor response [37]. This brief, short
(~250us) electrical current is also painless being, therefore, a breakthrough for previous
stimulation techniques, as electrical stimulation.

The MEP measured is a signal resulting from a number of waves that descend
the CS tract. The initial waves are the result of direct activation of CS neurons — D-waves,
preferentially recruited at higher intensities of TMS; whereas the later waves are the result
of indirect excitatory synaptic activation of interneurons in M1- I-waves, mainly recruited
at low TMS intensities [38]. I-waves can be classified as 11 and 12 - if appear early, or 13
(and so on) if are late I-waves [39]. The order of I-waves recruitment is well-established to
depend on TMS coil induced-current direction [40, 41]. Posterior-anterior (PA) induced-
currents predominantly recruits early I-waves, whereas anterior-posterior (AP) induced-
currents preferentially recruits late I-waves, and lateral-medial (LM) currents majorly
recruit D-waves (Figure 1.5). These findings suggest that the recruited waves might be a

consequence of different excitatory inputs [42].

Figure 1.5 -TMS coil orientation can give rise to 3 induced-currents orientations. PA induced-currents are
produced when the handle of the coil points backward at ~45° from the midsagittal line, and AP induced-
currents are elicited by placing the coil 180° from the PA direction. LM induced-current direction is
achieved by pointing the coil handle laterally. Adapted from [43].

Several evidences have recently showed that the evoked descending volleys
depend on the configuration of the TMS pulse [44, 45, 46]. Two types of stimulators are
available for TMS: single-pulse and repetitive TMS (rTMS). Contrary to single-pulse, rTMS
devices are able to generate trains of stimuli, operating at 10-60 Hz [45]. However, various

manufacturers have add-ons modules to single-pulse devices allowing them to be used
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with two (paired-pulse stimulator) to four (quadruple-pulse stimulator) pulses with
intervals of T ms between them.

Coil heating limits the duration of sustained operation, but with proper coil
cooling or using another material rather than copper, this duration of the stimulus train
can be made unlimited [46].

There are three pulse waveforms for TMS: monophasic, biphasic and multiple-
cycle damped sine pulse. Monophasic wave, characterized by a rapid rise to peak (less
than 100 ps), a slow decrease to baseline and a low energy efficacy since only the first
phase of the stimulus produces a current flow, is preferentially used to assess cortical
excitability with single or paired pulses [46]. Biphasic wave, characterized for being a full-
sine pulse, changes the direction of the current twice, is mainly used for rTMS, since part
of the energy allows it to be re-used [47]. The differences between these two types of
pulses are the reason why different pulse configuration may excite different groups of
cortical neurons, despite the same coil orientation [44].

Finally, a multiple-cycle damped sine wave, also referred to as a half-sine TMS,
only induces current flow in one direction, and therefore is appropriate for studies of

direction-specific effects of magnetic stimulation [48].

1.2.1. Safety and side-effects of TMS

Although broadly used and well-described as a safe technique, TMS is based
on the exposure of a high intensity magnetic field. Therefore, some precautions have to
be considered and limits respected. Besides interacting with subcortical regions and
inducing milliampére currents in neuronal circuits, the magnetic field generated in the
TMS coil may be able to induce significant voltage changes in any metal and/or electrical
device [49]. This interaction may cause damage or demagnetization in such devices and
the induced-currents can lead to brain tissue overheating.

Therefore, subjects carrying implanted electronic or metal medical devices
should not be submitted to the procedure. However when TMS protocols ensure that the
magnetic coil is not activated near the respective devices, TMS practice is considered a

minimal risk activity in subjects carrying cardiac pacemakers or spinal cord stimulators.
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Another contraindication is the subject’s history of epileptic seizures. Although, to date
there is no cases reported on seizures in healthy subjects, the delivery of TMS single-pulse
has been earlier reported to induce a low risk of seizures in epilepsy patients [50].
Regarding TMS side effects, occasionally subjects report nausea, neck pain and headache
after prolonged sessions. Transitory hearing loss is also frequently reported since the coil
is often placed proximal to the ear (more recurrent when using rTMS technique).

In order to avoid these risks, TMS protocols should include safety parameters
limits concerning the frequency of the stimulation, intensity of the threshold used,
session duration, total number of pulses and inter-pulse time [49].

Also, prior to any research or therapeutic session, subjects suitable to the
procedure give written informed consent. However, in every case, the balance between

the potential benefit and the risks associated should always be considered.

Several parameters can be measured with TMS that allow an indirect
assessment of cortical excitability, which will be described in the next section with a

particular emphasis on the ones used in the present study.

1.2.2. Motor Threshold

The lowest TMS intensity able to elicit a recordable evoked motor response in
the target muscle defines motor threshold (MT) [51]. This value, variable among
individuals [52, 53], reflects the excitability of CS and inter- neurons [54], and is of
primordial importance for TMS procedures since allows calibration and TMS intensity
normalization for every subject. Although between-subject variance in MT values is still
unclear, skull cortex distance and age have shown to increase MT values linearly [55, 56].
Therefore, TMS studies usually normalize stimulus intensities to individual excitability of
each subject.

Furthermore, threshold values are also directly linked with the muscle or
group muscles being stimulated and their primary motor cortex topographic
representation. For example, recent studies have already reported lower threshold values
for finger extensors and hand muscles, which is consistent with their disproportionately

large M1 representation [57]. Also, blockers of Na* channels as lamotrigine, lacosamide
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and carbamazepine have been reported to increase MT values, suggesting that MT may
be a good indicator of membrane excitability [58].

Motor threshold can be measured in relaxed (resting motor threshold, RMT)
or during voluntary muscular contraction (active motor threshold, AMT). The RMT is
defined as the minimum stimulus intensity that is able to evoke a MEP of 50-100 uV in at
least half of 10 consecutive trials given at rest [51]. AMT is similarly determined as RMT
but in voluntarily activated target muscles. Since cortical excitability is intrinsically related
to voluntary contraction intensity and has higher values when active [59], a lower
stimulus intensity is required to evoke a motor response in contracted muscles and,
therefore, AMT values are typically lower when compared to RMT [60].

Therefore, motor threshold has been widely used as a standard parameter to
determine TMS intensity in research studies, accordingly to dosage and safety limits [61].
In therapeutics, defining MT is also of great importance for calculating the patient-

specific therapeutic dose [62].

1.2.3. MEP Amplitude

MEP peak-to-peak (p-t-p) amplitude is the most common measure to assess
and analyze the recorded MEP (Figure 1.6). The obtained value is an indirect indicator of
cortical and pyramidal tract activation and, when combined with MT value, becomes a
reliable and useful parameter to assess cortical excitability [63].

Multiple factors can influence the MEP p-t-p amplitude, causing intra-subject
variability [64]. Among these factors, the number of excited motor neurons recruited in
the spinal cord [65] can influence the MEP p-t-p amplitude, as well as the intensity of the
given stimulus [66]. In the early 90’s, Kiers and colleagues suggested that this variability
could be due to rapid, spontaneous fluctuations in corticospinal excitability [66], implying

that an adequate number of MEP values is necessary in TMS comparative studies.
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Figure 1.6 - Standard motor evoked potential response to a suprathreshold single TMS pulse registered
using EMG recordings. Adapted from [671].

The MEP p-t-p amplitude is, therefore, mostly used to assess motocortical
excitability changes following specific events [68] and can be considered a marker for

corticomotor impairment [69, 70, 71].

1.2.4. MEP latency
MEP latency is defined as the interval time between the MEP recording and
the TMS pulse given [72] (Figure 1.7).
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Figure 1.7 - The effect of the magnetic pulse on the targeted muscle is not instantaneous and a latency
period is observed, which duration depends on physiological-related parameters as stress level. Adapted
from [67].

Contrary to the MEP p-t-p amplitude, the MEP latency remains stable along

responses [73], which makes it the most reliable parameter measured with TMS. A short
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latency value gives evidence of a most direct pathway, while a longer one is typical of
pathways under stress [74]. Thus, a prolonged latency could provide evidence about
damaged neuronal pathways, possibly pathologically affected and have valuable

application in diagnosing pathologic conditions as multiple sclerosis [75].

1.2.5. Recruitment (I/0) curve

The recruitment curve represents the MEP amplitude as a function of stimulus
intensity [72]. The relation between the two parameters is typically non-linear, with a
sigmoidal shape [76]. In order for it to be obtained, a wide range of stimuli intensities
must be delivered over the specific motocortical region of interest in M1 in order to evoke
aresponse in the target muscle.

The slope of the obtained curve reflects the relation between inhibitory and
excitatory corticospinal pathway inputs and their spatial distribution in the motor cortex
[77], providing insights of intrinsically less excitable neurons function or spatially farther
from the center of the TMS stimulation.

Consequently, variance in slope or gain in the recruitment curve can be a
reliable indicator of corticospinal track abnormalities. Indeed, several studies have
reported that a decrease in the recruitment curve parameters indicates a functional
impairment, higher damage of CS track [78]. Also, more recently, a study has provided
evidence that a recruitment curve in patients who suffered from stroke is characterized
by a diminished gain and, thus, can be used for monitoring therapeutics and recovery

[79].

1.2.6. Cortical silent period

The cortical silent period (SP) represents an inhibitory phenomenon and is
obtained by delivering a single TMS pulse in the tonically activated target muscle
resulting in a delayed electromyography response [72] (Figure 1.8).

This delay in EMG response is actually an inactivity period that follows the

evoked response.
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Figure 1.8 - When TMS is delivered to the targeted muscle during tonic contraction, an electromyography
silent is recorded following the motor evoked response, which is thought to be related to a cortical
inhibition process. Adapted from [67].

Although the early part of the SP (nearly 50 ms) is likely due to spinal cord
refractoriness, the latter is entirely mediated by cortical inhibition [80]. This inhibition
process is mainly mediated by GABAg receptors [81] and, therefore, dopaminergic drugs
are able to modulate it, resulting in a shorter SP, as well-documented in Parkinson’s
disease (PD) [82, 83].

In fact, several authors have used TMS to assess SP duration in patients with
neurological or psychiatric disorders. A shortening in SP duration has been reported in
schizophrenia [84], depression [85], obsessive compulsive disorder [86], Alzheimer's
disease [87], Parkinson's disease [82, 83]. SP prolongation has been related to patients
who suffered from stroke [88], Huntington's disease [89] and ADHD [90].

Hence, the SP duration is able to provide an indirect measure of cortical
inhibition. Evidences have shown a high intra-subject constancy in healthy subjects,
while longer and more variable SPs are reported immediately after a stroke [88], which

makes of SP a good parameter for monitoring therapeutic and recovery.

Overall, the ability to stimulate both excitatory and inhibitory connections in
M1, makes TMS a measurement technique of cortical excitability, useful in allowing a

better understanding of motor behavior.
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1.3. Motor preparation

Every aspect of motor behavior relies on the dynamics of excitability of the
motor cortex [68].

Motor behavior can be understood as a constant competition between
potential actions [91]. Action selection is one fundamental issue faced by every motor
response, taking into account multiple factors in order to build an internal descriptive
representation of objects in the external world and prepare an appropriate response [92].

When a goal-directed response is required, movement preparation requires
several control mechanisms allowing selection, specificity and actions execution in a
dynamic manner [93]. Among the processes required to do so, competition resolution,
impulse control and conflict have been the processes frequently investigated.

Whereas impulse control prevents actions from being unleashed prematurely
and conflict deals with irrelevant information or unexpected changes in the surrounding
environment, preventing us from behaving in an automatic manner, competition
resolution, related to decision making processes, resolves which action to choose among
possible alternatives [94].

According to the ‘affordance competition hypothesis’ proposed by Cisek [91],
the dorsal visual system specifies actions which compete against each other within the
fronto-parietal cortex, while a variety of biasing influences are provided by prefrontal
regions and the basal ganglia.

The action that wins the competitive process among alternatives in a goal-
directed and context-dependent way is finally executed. In fact, studies in nonhuman
primate’s recordings from the dorsal premotor cortex (PMd) support this idea, revealing
an increased firing in PMd neurons coding the ‘winning’ action, whereas firing rates of
neurons responding preferentially for the alternative action are suppressed [95]. The
winning action is thereby facilitated by an increase in excitability in the corresponding
corticomotor region, while the remaining potential actions are withhold by a diminished
corticomotor excitability in the respective cortical regions.

TMS studies have provided a better understanding of how a process of motor

preparation affects state-changes in corticomotor system [68, 96, 97, 98]. Humans and
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nonhuman primates are able to use bias collected information to prepare their motor
system for a later goal-directed response.

Inhibition of the motor system has been widely studied in terms of different
aspects of motor behavior. It is now well-established that the process of stopping an on-
going action involves the rapid and global CS inhibition. Surprisingly, several studies have
shown that the motor inhibition processes are also present way earlier than the actual
movement execution: during movement preparation [68, 94, 96, 99]. This motor
inhibition, generally referred to as preparatory inhibition, seems to have a role
withholding automatic or inappropriate responses.

Reaction-time (RT) tasks have been proved useful for studying the CS
excitability during motor preparation. Following an imperative signal, subjects are
instructed to respond as quickly as possible and the time needed to do so, called the
reaction time or response time, is recorded [100]. By applying TMS pulses at different time
points between the imperative signal and the movement onset, it is possible to assess
MEP amplitudes in different stages of the motor system preparation process allowing,
ultimately, a better understanding of movement preparation[101, 102].

There are several types of RT paradigms depending on the purpose of the
study. Regarding CS excitability during voluntary movement preparation, three main
versions are popular: the simple reaction time (SRT), choice reaction time (CRT) and

instructed-delay RT (Figure 1.9).
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Simple reaction time task
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Figure 1.9 - Reaction time paradigm tasks. The time interval between the imperative (or go) signal and
the actual motor response, the premovement period, makes this paradigm ideal for studying
motocortical processes preceding movement execution. The instructed-delay version of the task, where a
preparatory cue is presented before the go signal, affords to investigate delay-related processes involved
in motor preparation, without being confound by functions related to movement execution. Adapted
from [68].

In the SRT task, only one motor response is possible and the imperative or go-
signal always specifies it. In the CRT task, usually, two or more responses are possible,
typically a right or left hand motor response, and therefore the go-signal requires
choosing the accurate movement option [103]. In the instructed-delay RT task, a
preparatory cue (usually cueing which hand to use in the task) is initially presented and
after a delay period, in which the subject should withhold the further response
movement, the go-signal pops up [68].

Various studies using the SRT task have reported a gradual increase in MEP
amplitude recorded from the task-relevant muscle in the 100-120 ms before EMG onset
of the motor response [101], which is consistent with the reported results of several other

intracortical recording studies designed for animals [68, 104]. This increase is interpreted
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as the reflection of the CS excitation level of the M1 region that codes the task motor
response that will be executed [105].

In the more complex version of the paradigm (CRT), MEPs amplitudes
recordings have shown an initial reduction below baseline value and, although greater
in the task-relevant effector, this suppression effect is also seen in the homologous task-
relevant and even task-irrelevant muscles [98, 101]. Closer to the go-signal onset, MEPs
amplitudes appear to increase continuously for the task-relevant effector and remained
diminished for the task-irrelevant muscles [98]. These observations are in agreement with
the assumption that the action selection process involves a facilitation of the task-
relevant muscle M1 cortical region but also an initial global suppression of both task-
relevant and task-irrelevant muscles [68].

Instructed-delay RT task studies have also revealed that during the delay
period, before the imperative signal onset, MEPs amplitudes are diminished for both the
selected effector (cued) and the non-selected effectors muscles (not cued) for the
upcoming response [106]. These evidences indicate a global preparatory inhibition;
however, suppression is often stronger for the selected muscles, suggesting a greater
focal inhibition for the effector that codes the forthcoming response [68].

Although several hypotheses have been emerged recently in order to
understand the motor inhibition process during movement preparation in the delay
period, the ‘affordance competition hypothesis’, proposed by Cisek [91], is yet the most
accepted. According to Cisek, several potential actions compete with each other and the
winning action is the one executed. Accordingly, the non-selected responses are
suppressed, which is reflected by a decreased MEP amplitude, in order to favor the wining
selected-response [91, 106]. This inhibitory process is frequently referred to as ‘inhibition
for competition resolution’. The hypothesis reliance is, however, questionable
considering that the inhibitory process during the delay or pre-movement period is
global, suppressing not only non-selected effector but also task-irrelevant muscles,
contrary to the plausible assumption that inhibition would only be addressed to non-
winning (non-selected) responses [106, 1071].

Overall, the preparation of a further goal-directed movement appears to

allow a better and finer execution of the wanted response. The motor preparation
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excitability modulation has been widely suggested to reflect the preparatory activity
processes occurring in cortical and subcortical structures [68]. Therefore, the assessment
of the excitability levels of specified cortical regions responsible for the desired
movement during the movement preparation period may allow a clearer understanding

of the corticospinal contribution to the upcoming response.

1.4.The Locus Coeruleus-Norepinephrine (LC-NE)
system

One of the major systems responsible for regulating cortical function is the
locus coeruleus-norepinephrine (LC-NE) system. Besides its association with relatively
simple and basic functions such as arousal and the sleep-wake cycle [108]; more recent
studies have attributed a perhaps more important function in cortex regarding
neuromodulation [109].

The locus coeruleus (LC) is present in all mammalian species and represents a
small, homogeneous nuclear complex located bilaterally in the dorsal wall of the rostral
pons in the lateral floor of the fourth ventricle [110]. It is comprised of a densely
population of cells with a common embryonic region, all of which produce
norepinephrine (NE). The LC nucleus receives its main afferent glutamatergic inputs from
the orbitofrontal and anterior cingulate cortices [111], and projects to diverse brain
regions including the spinal cord, brainstem, cerebellum, hypothalamus, thalamus and
the entire isocortex via highly collateralized projections [112] (Figure 1.10). This extensive
innervation makes of LC the major noradrenergic nucleus of the brain. Via its widespread

projections, LC is able to modulate cortical, subcortical, and brainstem circuits.
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Figure 1. 10 - NE primarily derives from neurons whose cell bodies reside in the locus coeruleus. These
pontine collections of neurons project to several brain regions including the spinal cord, brainstem,
cerebellum, hypothalamus, thalamus and the entire isocortex via highly collateralized projections.
Adapted from [113].

The LC activation drives a broad NE release over the cerebral cortex.

Norepinephrine was one of the first identified neurotransmitters (UIf Svante
von Euler, 1905-1983) and it is frequently associated with arousal states [114] and the
rapid behavioral response to stress [115]. Besides being a neurotransmitter and a
hormone secreted by the adrenal medulla, its effects in neuroplasticity have led to its
recognition as a neuromodulator in the CNS [116]. Rather than conveying sensory or
motor signals, neuromodulators are able to modulate effects produced by other
neurotransmitters as Glu and GABA.

In terms of its chemical structure, NE is a catecholamine and is synthesized
from the amino acid tyrosine by a series of enzymatic steps, resulting from the direct
oxidation of dopamine by the action of the dopamine B-hydroxylase enzyme [115].
Ultimately, NE is transported into synaptic vesicles and its release is mainly mediated by
the increase of intracellular Ca* levels.

LC-NE release is coupled with two distinct LC modes of activity - tonic and

phasic [117].
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Tonic firing activity is characterized by highly regular pattern of discharge that
is highest during waking and lowest during slow-wave sleep. Through this firing mode,
NE released exerts effects on sleep, vigilance states, stress and inflammation.
Consequently, firing rates alterations in the LC appear to have a potential causal role in
the regulation of arousal states [117]. However, during focused attention and accurate
task performance, LC neurons change its firing mode and respond to task-relevant stimuli
phasically. Therefore, while tonic rates are widely associated to control of arousal levels
and behavioral states, phasic bursts have been described to be elicited by higher
cognitive mechanisms involving novel sensory stimuli and decision making processes

[118].

1.4.1. LC-NE system and motor cortex excitability

NE activation through adrenoreceptors is able to control and trigger
modifications in ionic channels properties, culminating in adaptive alterations of
postsynaptic excitability levels. These alterations induced by NE-binding to
adrenoreceptors is known as neuromodulation and it can be understand as the alteration
of cellular and synaptic properties .[119].This modulation effect is mediated by G-proteins
coupled to the adrenoreceptors [120], and which activation leads to intracellular
signaling pathways regulation.

The different types of receptors expressed by the target cell ultimately
determines the cellular effect and, thus, NE has different actions on different cell types.
The noradrenergic receptors are a class of G-protein-coupled receptors and can be

classified as -, a:- and a,-adrenoreceptors [121] (Table 1.1).
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Table 1. 1| Properties of noradrenergic receptors subtypes. Adapted from [159].

Subtype Type of G-protein Effector pathways
coupled receptor
o Gq Increase in phospholipase
B
Increase in intracellular Ca?*
levels
a, Gijo Decrease in adenylate

cyclase activation
Decrease in CAMP
production

B Gs Increase in adenylate
cyclase activation
Increase in CAMP
production

Although its existence in small proportion in presynaptic neurons in specific
regions as the dentate gyrus and the prefrontal cortex (PFC) [122], B-receptors are mainly
located in postsynaptic neurons. Three types of B-receptors are described in the brain, i.e.
B1-, B.- and Bs-adrenoreceptors, although, to date, they remain not well distinguished. In
mammals, their primary function is to trigger glycogen breakdown during increased local
neuronal activity [116]. This trigger is made through the activation of Gs protein (a
heterotrimeric G protein subunit) which consequently activates adenylate cyclase and
produces cyclic adenosine monophosphate (cAMP), further associated with cAMP
response element-binding (CREB) protein activation [122]. Therefore, NE-binding to -
receptors ultimately facilitates transmission of action potentials. Moreover, the non-
selective activation of these receptors also appear to strengthen synaptic contacts by
increasing postsynaptic a-amino-3-hydroxy-5-methyl-4-isoxazoleproprionic acid (AMPA)
insertion.

a;-adrenoreceptors are mainly located postsynaptically and composed of
three subtypes (aia-, aiz- and asp-adrenoreceptor). Although equally expressed in the
hippocampus, cerebral cortex and brainstem, in the thalamus and deep layers of PFC, a;a-
adrenoreceptors are preferentially expressed[123]. All three subtypes of ai-

adrenoreceptors are able to increase Ca?* entry via voltage-gated calcium channels. Their
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stimulation leads to G4 protein activation which in turn activates phospholipase Cp (PLC)
and ultimately to increased calcium release from intracellular stores, thereby increasing
cytosolic calcium concentrations [116]. Thus, NE-mediated a;-adrenoreceptors activation
generally modulates the excitability levels of the follower cells [124].

a,-adrenoreceptors are located on both pre and postsynaptic sites, with their
presynaptic location associated with their functions as autoreceptors, involved in NE
control release [123]. These receptors are widely distributed in the brain, including the
hippocampus and the cerebral cortex. Three subtypes of a,-adrenoreceptors are
described, known as ax-, -, and a,c-adrenoreceptors. Contrary to the remaining
adrenoreceptors, a,-adrenoreceptors are linked to Gi, protein and its stimulation
decreases calcium entry and limits neurotransmitter release [116]. This effect,
independent of intracellular cAMP concentrations, allows NE to play an essential role in
decreasing excitatory transmission.

Therefore, NE appears to have a crucial, though complex, role in cortical
excitability modulation in the human brain. In fact, studies using a drug selectively
blocking norepinephrine reuptake, reboxetine, have showed an enhancement of cortical
excitability primarily driven by excitatory effects of 3-adrenoreceptors [125]. Also, studies
using a presynaptic a,-adrenoreceptor antagonist, yohimbine, that increases brain
extracellular NE levels, have shown a corticomotor enhanced excitability in humans [126].
Thus, greater NE levels appear to be related with higher corticospinal excitability.

Moreover, studies conducted in the hippocampus and sensory cortical areas
have proved that NE is able to conduct modifications at the level of the synapse [127],
therefore, having a critical role in synaptic plasticity.

Two well-described enduring forms of synaptic plasticity are long-term
potentiation (LTP) and long-term depression (LTD). LTP, as earlier described, is a
strengthening and increase of the synapse efficacy and has been observed often in
glutamatergic synapses in various brain regions such as the hippocampus and the PFC
[128]. Contrarily, long-term depression (LTD) is a decrease of the synaptic efficacy,
weakening specific sets of synapses and complementing LTP.

The direction of LTP and LTD depends on the activation of a- and (-

adrenoreceptors. Several studies in the hippocampus have revealed that LTP is enhanced
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by NE-induced B-adrenoceptors activation [127]. The activation of 3-adrenoreceptors
through the activation of Gs protein results in an increase in cAMP production which leads
to the protein kinase A (PKA) activation. PKA activation results in its translocation to the
nucleus through the nucleus pore, where it phosphorylates (and consequently activates)
CREB, a transcription factor, crucial for the late stage of LTP [129] (Figure 1.11).

Thus, LC-NE system exerts a crucial role in modulating cortical excitability and,
more importantly, these changes occur on both immediate and long-term timescales,
allowing behaviorally relevant events to transform into permanent changes in brain

function and behavior.

1.4.2. LC-NE system and cognitive functions

Due to its important role in synaptic plasticity, the LC-NE system has been
related to cognitive functions as learning and memory [130]. Importantly, strong
evidence have emerged linking many cognitive-related conditions and LC-NE system, as
schizophrenia [131], ADHD [132], Alzheimer’s disease and Parkinson’s disease [133]. The
fact that LC neurons show enhanced discharge in response to novel stimuli but rapidly
habituate after repeated encounters, suggests that NE may participate in the information
acquisition process [130], possibly by the induction of synaptic plasticity through LTP and
LTD.

In fact, in prefrontal cortex neurons, which preferentially respond to task-
relevant stimuli, methylphenidate administration, a NE/dopamine reuptake inhibitor, has
shown to improve cognitive functions such as attention and working memory as well as
prefrontal neuronal responsiveness [134].

Through [-adrenoreceptors activation, NE is capable of facilitating LTP and
this induction may be the basis for the consolidation of long-term memory [130] (Fig
1.11). In fact, B-adrenergic antagonists have been shown to cause amnesia in spatial
memory paradigms [135]. Also, NE levels deficit in mutant mice has shown to impair
memory retrieval [136]. Furthermore, NE has been shown to play a crucial, a-

adrenoreceptors-dependent, role in tasks involving changes of strategy [137]. Several
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other cognitive effects have also been correlated with LC-NE system, including effects on

motor learning, response inhibition, working memory and emotional memory [138].
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Figure 1. 11 - NE induces potentiation (LTP), the basis for the consolidation of long-term memory. NE
binding to B-adrenoreceptors leads to activation of the cyclic AMP cascade by adenyl cyclase and,
ultimately, to the activation of the transcription factor CREB, crucial in gene expression. This activation
defines the important role of NE in neuromodulation, promoting long-term plasticity underlying memory
formation. Adapted from [139].

Studies carried out in non-humans primates [140] and computational
modelling studies [141] have revealed that NE modulation of cognitive processes also
appears to be involved in decision making processes. This involvement has been
reported to depend on the LC’s phasic firing rate. Extracellular recordings have revealed
that phasic bursts typically precede a behavioral response to a target stimulus and are
tightly locked to the timing of the behavioral response rather than to the stimulus onset
[142], which is consistent with the LC' role in task-relevant decision making process.
Authors hypothesize that this decision-driven LC activation may facilitate behavioral
responses once subjects are engaged in the task.

Interestingly, these modulations of cognitive processes are closely related to
stress and anxiety [143]. When NE concentration increases due to elevated LC discharge
during acute stressful episodes, the NE lower affinity with a;-adrenoreceptor becomes

engaged, impairing functions in PFC and affecting attention and working memory [144].
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In fact, large cognitive impairments have been described following chronic stress [145],
suggesting down-regulation of NE transmission after chronic stress exposure. These
impairments have been suggested to involve dysfunctional response inhibition, resulting
in impulsive behavior. Accordingly, blockade of a,-adrenoreceptors, which increases
synaptic NE, have been shown to increase impulsivity levels in rats [146], and in
preliminary studies in humans [1471].

Overall, considering the wide expression of NE's receptors subtypes in human
brain have made of LC-NE system subject of several research studies as a target for
therapeutic approaches in cognitive-related conditions as Alzheimer’s disease, ADHD

and schizophrenia [148].

1.4.3. Pupil size and the LC-NE system

The locus coeruleus-norepinephrine system is functionally involved in the
control process of pupil size changes [149].

Although pupil main function in humans is to adjust the amount of light
entering the eye in response to luminance changes: contracting in response to a transient
luminance increase, a reflex known as the ‘pupil light response’ [150]; pupil size is not
only determined by luminance.

The wide LC projections to several brain regions, particularly regions related
to cognitive processing, such as PFC and the parietal cortex, have suggested that pupil
size is influenced by high order cognitive processing [151]. Accordingly, several
pupillometry studies have established a well described correlation between pupil
diameter spontaneous fluctuations and changes in alertness, decision making [152] and
arousal level [153], under constant luminance. Relatedly, recent evidence have often
associated pupil size fluctuations with several task-related parameters as engagement
[149] and task difficulty [154, 155], with greater pupil size increase related to subjects task
engagement and high demanding tasks.

These fluctuations have been interpreted in terms of NE-containing neurons
activation in the LC nucleus [156], through several amount of evidence including

pharmacological, fMRI and EEG studies [158]. Studies carried out in primates have also
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related event-driven changes in LC firing activity and pupil diameter [157]. Pupil diameter
also appears to covaries with neuronal activity in cortex, which is thought to reflect
cortical modulation mechanisms of the LC-NE system [149].

Although the exact mechanism by which pupil size fluctuations are linked to
the activity of LC remains undefined, the idea that pupil size may provide a direct index
of LC activity and thus, NE release, has received considerable attention. Joshi and
colleagues [158] have provided compelling evidence of this correlation in primates. By
recording activity in LC and assessing simultaneously pupil size during an auditory task
performance, the authors were able to see that fluctuations in the firing rate of LC
neurons were consistent with the oscillations in pupil size. Moreover, they observed that
stimulation of LC evoked transient increases in pupil size, with maximal pupil change

occurring 250-700 ms following the onset of stimulation.

1.5.0bjectives

Every aspect of motor behavior relies on the dynamics of excitability of motor
cortex [68]. When this dynamics is unbalanced, several motor system impairments may
emerge as a consequence, further resulting in physiological disorders as depression [85],
Alzheimer's disease [87], Parkinson's disease [83] and ADHD [90].

Pupillary fluctuations have been established to reflect NE-release through LC
activation [149], which has shown to be dependent on a number of factors as arousal
[114] and stress [115] levels, but also task-dependent factors as decision making [152].
Furthermore, cortical excitability has been closely linked to NE-induced neuromodulation
of neuronal plasticity and CS excitability in the human brain [127]. These evidences have
allowed to raise crucial questions regarding the crosstalk between cortical excitability
and pupil dilation. In particular, the specific role of norepinephrine in CS excitability and,
more importantly, how parameters known to have an effect on NE levels are able to

differently modulate CS states.
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Therefore, the present study aimed at investigating if NE played a role in the

modulation of motor cortical excitability during motor preparation. For that purpose, two

main objectives were pursued:

I.

1.

Investigate whether decision complexity is able to modulate arousal as
indexed by task-related pupil dilation.

Taking into account that pupil dilation is a reliable indicator of NE release
through locus coeruleus activation [149], and considering that this release is
increased in arousal states [148], we hypothesized that task engagement and
decision complexity would differently modulate task-related pupillary
response as a consequence of the different arousal-induced states.

Evaluate if task-related pupillary responses are an indirect indicator of
task-related modulation of motor cortex excitability.

Considering the well-established role of NE in motor cortical excitability [127]
and, since pupil size fluctuation has been widely described as a reliable
indirect indicator of NE release, we hypothesized that pupillary response to
conditions involving different decision complexities would allow an indirect
assessment of task-related modulation of CS excitability.
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2. CHAPTERII. MATERIALS AND METHODS

2.1.Study division: Part | and Part I

The present study was divided in two parts in accordance with its two main
goals.

Therefore, Part | mainly focused on the investigation of whether pupil size
varied during visuomotor task performance and if increased decision complexity affected
these variations; and Part Il principally focused on the assessment of CS excitability and
its correlation with pupil size changes.

For these purposes, Part | involved pupillometry data acquisition using an eye
tracker system. In Part ll, in addition to pupil recordings as an indirect measure of arousal
modulation, transcranial magnetic stimulation was used to elicit motor evoked potentials
and EMG recordings allowed a direct corticomotor excitability assessment. All the
previously mentioned measures, both in Part | and Part I, were acquired while subjects

performed a cued choice reaction time task.

2.2.Participants

Ten healthy young adults were recruited for the entire study. For Part |, five
participants (4 female), aged between 18 and 25 years old (mean age 22+2 years), were
tested. For Part Il, five participants (5 female), aged between 18 and 35 years old (mean
age 30£8 years), were investigated. All subjects were neurologically healthy, with no
history of mental illness. Subjects tested in Part Il also did not report any history of
epilepsy and no contraindication for TMS [159]. All participants were right-handed and
had a normal or corrected to normal vision. Participants signed an informed consent prior
to data collection, following protocols approved by the Ethics Committee of the Faculty

of Medicine of the University of Coimbra, in accordance with the Declaration of Helsinki.
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2.3.Procedure

The experiment was carried out in a darkened room where the only source of
light was the stimulus presentation screen. Participants sat in front of a computer screen
with both hands placed in the response apparatus, palms down and the arms semi-
flexed. Since pupillometry data would be acquired in both Part | and Part II, subjects also
had to place their heads on a forehead and chin rest. Participants were required to
produce a speeded response pressing the correspondent key when a visual stimulus
appeared on the screen.

Task was composed of 4 runs, between which participants were asked to
relax.

In Part |, a standard keyboard was used as response box and subjects should
respond pressing the accurate arrow key according with the ongoing block Cue and
target stimuli. In Part I, two numeric keypads were vertically positioned and subjects
should respond by abducting the correspondent left or right index finger according with
the visual target presented.

Stimuli were presented on a 61,21 cm display monitor (Color Edge CG243W,
EIZO) with a refresh rate of 86 Hz and a resolution of 1280x1024 pixels. All participants
were positioned at a distance of 68,5-70 cm from the display screen.

Before the experiment started, participants practiced one test run (~5min) to

become familiar with the task.

2.4.Task design

The main goal of the present study was to investigate the modulation effect
of decision complexity on motor cortex excitability, during the motor response
preparation period. Since reaction-time paradigms have proved useful for studying the
CS excitability during response preparation [68, 101], a cued choice reaction time (cued-
CRT) task was chosen, allowing to investigate motor processes directly involved in the

motor preparation period.
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The task was designed using Matlab R2017a (MathWorks, Natick, MA), the
Psychophysics toolbox (Version 3) and converted also to Presentation (Neurobehavioral
Systems, Inc., Albany CA). Although several parameters were adjusted according with the
goals of each Part of the study, the main structure of the paradigm was equal for both
Part | and Part Il. For each block, one indicative cue was presented at the beginning. After
a short interval, the motor preparation interval, 4 stimuli were presented sequentially.
The indicative cue provided information about the forthcoming stimuli and participants
should withhold their responses until the stimuli presentation, which here are equivalent
to the imperative signals. The time interval between the cue offset and the 1 stimulus
presentation corresponded to the motor preparation or delay period. The study of the
neural mechanisms occurring during this delay period would allow a better
understanding of the preparation processes underlying a motor response. The
imperative stimuli were arrows pointed to the left or pointed to the right, or a sphere. The
participants were instructed to respond by pressing a left or right button according to
the direction of the arrow as quickly as possible after the stimuli emerged on the screen
and refrain from responding when presented with the sphere. After every response, a
feedback was provided informing the participant of his correct or incorrect response. A
response was considered correct when, besides being accurate, it was given during the
period of stimulus presentation (<600 ms). An incorrect response was either an
inaccurate or slow response. At the end of each block, a fixation cross was presented
during 4000, 6000 or 8000 ms.

In order to investigate whether active motor task engagement had an effect
on motocortical excitability, a Passive-viewing condition was included, where
participants were instructed not to respond. In order to investigate the effect of decision
complexity, 2 other conditions were included: Condition 1 (C1) and Condition 2 (C2). The
passive-viewing condition, as the denomination suggests, did not require any motor
response and, thus, subjects should not give any response during stimuli presentation. In
C1, the less complex active condition, the preparatory cue specified the forthcoming
target stimuli. In C2, however, the cue presented indicated that two types of target stimuli
might occur and that subjects should prepare the two possible motor responses and

decide which response should be delivered according to the target stimulus that
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emerged on the screen. This condition corresponded, therefore, to the more complex
condition.

The cue was either two spheres (Passive-viewing condition), two left or right
arrows (Condition 1), informing the subject which arrow would appear as target stimuli,
or an ambiguous cue composed of one of each arrows (Condition 2) and, therefore, the
subject should be prepared for each one of the target stimuli that could appear with

equal probability, which could be accordingly either one left or right arrow (Figure 2.1).

=
00 =8

Passive-viewing Condition 1 Condition 2

Figure 2. 1 - Types of cues composing the designed task according to the respective condition: two
spheres (Passive-viewing condition), two left or right arrows (Condition 1) and two arrows (one of each
direction) (Condition 2).

In order to maintain constant the luminance values (see Appendices for
luminance measures of the different stimuli used in the task) of the visual task, cues were
designed with one black and one white contour lines, and target stimuli were designed
with a chess pattern. In order to participants could easily distinguish a cue from a
stimulus, stimuli were composed of only one symbol: accordingly, either one sphere

(Passive-viewing condition) or one arrow (C1 or C2 conditions) (Figure 2.2).

Figure 2. 2 - Types of stimuli: a chess pattern was chosen in order to keep luminance levels constant in the
entire visual task.
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24.1. Partl

The experiment was composed by 4 runs with an approximate duration of 10
minutes each. Every run contained 36 blocks, each one composed by one cue, 4 stimuli
and a rest period (fixation cross).

After the presentation of the preparatory cue during 1500 ms, an interval
between cue offset and 1% stimulus presentation (which here corresponds to the
imperative signal) had a fixed duration of 500 ms. This fixed interval corresponded to the
motor preparation or delay period. The 1% stimulus remained visible for 600 ms and
participants should respond during this period, with a response feedback being
presented after this time (Figure 2.3). Afterwards, a blank screen of duration randomly
distributed between 100 and 500 ms was presented before the next stimulus onset. The
block sequence would continue as described until 4 total stimuli were presented.
Subsequently, a fixation cross was presented during 4000, 6000 or 8000 ms, thus marking
the end of the presented block.

Feedback

2nd stimulus

.
Fixation
| -

7/},,5

Figure 2. 3 - Time course of the computed visual task in Part I: a cue (1500 ms) was followed 500 ms later
by the 1*'stimulus (imperative signal) that lasted for a fixed time of 600 ms. The imperative signal arise
indicated that the response should be initiated. Correct responses, besides accurate, should be given

during the stimulus presentation time. Every response would be followed by a respective feedback
informing participant whether it was correct or incorrect. A blank screen with variable delay (100-500 ms)
appeared before the next stimulus was presented. At the end of the 4" stimulus and its respective
response feedback, a fixation cross lasted for 4000, 6000 or 8000 ms, sequentially, indicating the end of
the ongoing block.
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Participants should respond by pressing the key in a standard keyboard,
using the information provided by the preparatory Cue, when the visual stimuli appeared
on the screen. No restrictions were made and subjects could respond using either one or
both hands.

Every run was composed by 10 blocks of each condition, comprising a total of
40 blocks per condition in the entire experiment. Additionally, another type of blocks
were added to the experiment. Similar to the other blocks, an initial cue was presented;
however, no target stimuli appeared, contrary to what happened in the other blocks.
Consequently, in these blocks, referred to as ‘Cue-only’ blocks, no response was required.

These Cue-only blocks comprised 20% of the entire number of blocks in the
task and contained the three conditions in equal proportion (1/3). Therefore, there were
6 ‘Cue-only’ blocks in every run (2 per condition), comprising a total of 8 ‘Cue-only” blocks
per condition in the entire experiment.

Although participants were previously informed of the existence of Cue-only
blocks, the two types of blocks were intermingled in every run, so participants could not
predict the next block’s nature. Also, the cues used were equal to the ones used for the
remaining blocks and the timings were also the same, ensuring that the only difference
between the Cue-only blocks and the remaining blocks was the absence of target stimuli.

Cue-only blocks were added in order to allow a better understanding of the
motor processes regarding the motor preparation interval when subjects were cued for
the response but no actual response was given. Since blocks were randomly distributed,
participants would only perceive the type of blocks they were being presented after the
cue presentation, after realizing no target stimulus was being presented. Therefore, a
motor response was, indeed, prepared and the existence of these blocks would allow a
clearer understanding of pupil diameter fluctuations in the delay period during motor

preparation.

54 2017



Chapter Il. Materials and Methods

2.4.2. Partll

In the second part of the study, the computed visuomotor task comprised 4
runs with an approximate duration of 12 minutes and containing 50 blocks each. Every
block was composed by one cue, 4 stimuli and a rest period (fixation cross).

Contrary to the task designed for Part |, the cue presentation duration was
reduced to 200 ms and a greater interval between the cue offset and the 1 stimulus
presentation was defined (randomly distributed between 1400 and 1800 ms). The longer
delay period allowed for a longer period of response preparation. Furthermore, this
increased variable motor preparation period was chosen in order to avoid the
appearance of the imperative signal of becoming predictable. Thus, allowing to
additionally explore changes in motor response preparation when the preparatory
period was of uncertain duration, contrarily to what happened in Part | task (At(delay
period)= 500 ms). After the delay period, the 15t target stimulus was presented during 600
ms, during which subjects should respond (Figure 2.4). A response feedback was
consequently presented informing participants if the response was correct or not. Also in
here, a response was considered correct when, besides accurate, was given during the
stimulus presentation period (600 ms). Finally, a blank screen of variable duration (100-
500 ms) was presented before the next stimulus onset. This sequence of events would
continue until a total of 4 target stimuli per block and, afterwards, a fixation cross

remained visible for 4000, 6000 or 8000 ms, marking the end of the current block.
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st stimulus

Feedback
P
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Figure 2.4 - Time course of the computed visual task in Part Il. A preparatory cue was presented during
200 ms and, after a variable time between 1400 ms and 1800 ms, was followed by the 1 stimulus
(imperative signal) that lasted for a fixed time of 600 ms. A visual feedback was posteriorly presented
during 100ms, indicating a correct (checked icon) or incorrect (cross mark icon) response. A blank screen
with variable delay (100-500 ms) appeared before the next stimulus was presented. At the end of the 4"
stimulus and its respective response feedback, a fixation cross lasted for 4000, 6000 or 8000 ms,
sequentially, indicating the end of the ongoing block.

In this Part, ‘Cue-only’ blocks were discarded in order to increase the number
of blocks of the other conditions. Every run was, therefore, composed by 10 blocks per
each condition, comprising a total of 40 blocks/condition in the complete experiment.

The main purposes of Part Il were to assess CS excitability using TMS
technique and investigate the association between pupil dilation responses and
modulation of motor corticospinal excitability. Two different timings were chosen for the
TMS pulse delivery (Figure 2.5). To establish a motocortical excitability baseline, the
magnetic pulse was delivered before the start of the block. Therefore, in order to ensure
statistical significance of this value, 10 additional blocks per run were added (comprising
the 3 conditions in equal proportion for the entire task). Thus, in these blocks TMS pulse
was delivered during the fixation cross presentation, 100 ms before the preparatory cue

onset (TMSgaseune). For the second timing and in order to assess CS excitability during the
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motor preparation interval, TMS was applied 1300 ms after the cue offset, i.e., during the

delay period (TMSpeia).
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Figure 2.5 - Task sequence and TMS stimulation. Two different timings were chosen for the TMS pulse
delivery: during the fixation cross presentation, 100 ms before the preparatory cue onset (TMSgaseuine); and
during the delay period, 1300 ms after the cue offsett (TMSpeiay).

Furthermore, in order to investigate the task-related pupil response without
the interference of the TMS pulses, the TMS pulse was not given in every block. In the
blocks with TMS, only one pulse was delivered per block in order to ensure high reliability
in the evoked response amplitude measures [161]. Thus and to obtain statistically
significant CS excitability measures, in 30 out of 40 blocks per condition a TMS pulse was
delivered. In total, per participant, were acquired 30 TMSgaseune MEPs values
(10/condition) and 30 TMSpeay MEPs values per condition. The remaining 10 out of 40
blocks per condition had no TMS pulse delivery.

Contrary to Part I, in Part Il participants were required to use both hands
performing an abduction with either left or right index finger. Two numeric keypads were
placed vertically with the key surfaces facing laterally. Subjects placed their index fingers
against a key on each vertical keypad in order to respond with a key press by moving the
index fingers of each hand inward in a lateral abduction (Figure 2.6). This movement has
been described as optimal for measuring electromyography responses from the index
muscle (first dorsal interosseous, FDI) [161]. Therefore, if the preparatory cue was two left
arrows, only left arrow stimuli would be presented and the subject should respond using
the left index finger to laterally press the button once he/she detected the target stimuli.
Otherwise, if the cue was two right arrows, only right arrow stimuli would be presented

and the subject should press the keypad button using the right index finger abduction
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once he/she detected the target stimuli. Alternatively, if the preparatory cue was
ambiguous (Condition 2), both arrow stimuli could be presented and the participant
should be prepared for any of the two responses and wait for the stimuli presentation to

respond accordingly to the target stimuli.

Figure 2. 6 - Response setup. Keypads were positioned vertically in order to allow the optimal FDI
movement of the index fingers for the EMG recording. Participants responded by making a lateral
abduction movement from the correspondent index finger, according to the preparatory cue
information.

2.5.Pupillometry

In order to investigate whether pupil size fluctuations were affected by
decision complexity, either in Part | and Part I, eye movements and pupil size of each
participant were recorded during task performance using a Tobii X120 Eye Tracker. This

remote, non-intrusive eye tracker system employs the pupil center corneal reflection
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technique, in which a near-infrared light source used to illuminate the eye causes visible
reflections which are recorded by a camera. The image captured is used to identify both
cornea and pupil. Eye mode algorithms using the measured diameter of the pupil on the
image and multiplying it by a scaling factor allow to obtain the real pupil size. The eye
tracker output gives information of pupil size for each eye with each gaze point making
it possible to record pupil size variation during task performance [162].

Tobii eye tracker recorded pupil size of both eyes (binocular tracking) with an
inclination degree of 40° at a rate of 120 Hz. A chin rest allowed to preserve a constant
distance of 62 cm between the eye tracker and the participant position.

In order to rule out pupil fluctuations due to pupillary light reflex, task was
performed in a small room ensuring the lighting conditions were the same for all
participants. Also, luminance measures were carried out for all stimuli presented (Mean
luminance = 23,52+0,24 cd/m? ) ensuring all stimuli were isoluminant with the grey
background (see Appendices).

All participants completed the standard 5 point calibration procedure for the

Tobii system before task started.

2.6. Transcranial magnetic stimulation

For the assessment of the motor cortex excitability during task performance,
a single-pulse TMS technique was used.

Magnetic stimulation was applied using a figure-of-eight-shaped magnetic
coil (MCF-B65) with a 7 cm diameter connected to a MagPro X100 magnetic stimulator
(Magstim, Farum, Denmark) with a peak induced magnetic field of 3,2 T at maximum
machine output. The ‘figure-8’ coil consists of two adjacent round coils with opposite
current direction and is widely used in TMS studies where a more focal stimulation is
needed (Figure 2.7)

The current of the magnetic pulse was chosen to be biphasic, as frequently
used in several TMS studies [62, 94, 96, 98]. Taking this into account, the coil positioning
over the primary motor cortex was set in order to elicit an induced current in a posterior-

anterior direction (Figure 2.7). This positioning was in accordance with findings reporting
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the effectiveness of stimulation as a function of the waveform type and the induced
current direction [163]. Accordingly, in the case of the biphasic waveform, the postero-

anterior current direction is more effective than the antero-posterior current direction.

Figure 2.7 - TMS coil positioning in the setup. A figure-eight-shaped coil was positioned tangentially over
left M1 in order to elicit induced-currents with a posterior-anterior direction. This direction is ideal when
using a biphasic waveform [163].

Although earlier studies have reported inconsistent findings regarding
stimulation of the left or right hemispheres, recent approaches have not revealed
differences between the two hemispheres when CS excitability is probed prior to the
imperative signal, during the delay period [98]. Also, the use of a relaxed small muscle of
the dominant hemisphere is a well-established method to determine interindividual
differences in cortical excitability [163]. Therefore, the left hemisphere was chosen to
probe CS excitability.

Thus, the magnetic coil was placed tangentially on the scalp over left M1 area.

The handle of the coil was positioned backward and laterally at a 45° angle relative to the
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midline, in order to be centered over the primary motor cortex of the right hand.
Although its initial placement, an optimal coil position had to be defined for every
subject. The optimal site for the coil positioning was defined as the skull location where
stimulation elicited visibly greater motor responses in the FDI muscle. Once the position
was found, a spot perpendicular to the coil center was drawn with a felt-tip pen to allow
consistent coil placement during the experiment.

The resting motor threshold was determined for each participant. RMT was
defined as the minimal TMS intensity required to evoke motor responses (MEPs) with a
peak-to-peak amplitude greater than 200uV in the relaxed FDI in at least 5 out of 10
consecutive trials [68, 94, 96]. Across the five participants, the averaged RMT was 64%
(SE=2,59%) of maximum stimulator output.

The TMS intensity for the experiment was set at the suprathreshold level,
115% of RMT, in order to allow a direct stimulation of M1 and elicit descending volleys of
activity that could be recorded. The mean intensity used during the task among
participants was 74% (SE=2,99%).

Finally, TMS pulses were delivered respecting a time interval of 5s between
them in order to avoid persistence following the end of the stimulation and accumulation

over time [164].

2.7.Electromyography Recordings

In order to record MEPs amplitudes, surface electromyography was recorded
from the first dorsal interosseous of the right index finger using bipolar silver-chloride
electrodes and Biopac MP-160 electromyograph (Biopac, U.S.A.). Abrasive gel (Nuprep
Skin Prep Gel) and ethanol were used to prepare the hand skin and lower the impedance
between the skin and electrodes. The active electrode was placed over FDI, the reference
electrode over the metacarpophalangeal joint and the ground electrode over the ulnar

styloid process (Figure 2.8).
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Figure 2. 8 - EMG electrode configuration. Active electrode was placed over the FDI muscle (purple dot),
reference electrode was placed above the metacarpophalangeal joint (orange dot) and ground electrode
was placed over the ulnar styloid process (black dot).

The EMG signals were amplified with EMG100C (1000 gain) (BIOPAC, Goletta,
CA), bandpass-filtered between 1-500 Hz, digitized at 5 kHz by an A/D interface
(Micro1401; Cambridge Electronics Design, Cambridge, UK) and recorded using
AcgKnowledge 4.4 (BIOPAC, Goletta, CA).

2.8.Experimental setup

The experimental setup for Part | is represented in Figure 2.9. The eye tracking
system external unit (1) was connected to the computer used for the stimulus
presentation (2) via USB cable and was also connected to the acquisition desktop (3),
where the Tobii software was installed, via a local area network (LAN) connection using
an Ethernet cable. Finally, the stimulation computer (2) was able to send analog triggers
to the acquisition computer, providing information of the task sequence presentation,

via a TCP/IP communication protocol.
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1

L=l

Figure 2.9 - Setup in Part . (1) Tobii eye tracker external unit, (2) stimulation computer, (3) pupillometry
data acquisition computer. The computer running the visual task (2) was connected to the acquisition
computer (3) allowing synchronization and trigger sending (green arrow).

In Part Il, besides the pupillometry data acquisition during the task
performance, TMS pulses were also delivered and EMG recordings were made. Therefore,
a new setup was needed for this part (Figure 2.10). In addition to the connections already
made regarding the eye tracker system (1) and the pupillometry data computer
acquisition (2) connection to the stimulation computer (3), new connections had to be
established ensuring the accurate synchronization and the triggers reception/sending
between machines.

The magnetic stimulator (4) was connected to the stimulus computer via a
parallel port connection (LPT1), allowing digital triggers to be sent to the TMS machine
while task was running in Presentation software and, therefore, controlling magnetic

pulses delivery time automatically.
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Acgknowledg
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Figure 2. 10 - Setup in Part Il. (1) Tobii eye tracker external unit, (2) stimulation computer, (3) pupillometry
data acquisition computer, (4) magnetic stimulator, (5) electromyograph, (6) EMG responses acquisition
computer. The computer running the visual task (2) was connected via a parallel port to the magnetic
stimulator and via a serial port to the EMG acquisition computer (blue arrows).

The motor evoked responses elicited in the FDI muscle were recorded using
an EMG BIOPAC recorder (5), which was connected to the EMG acquisition computer
(where Acqgknowledge 4.4 software was recording the electromyography responses) (6),
via an Ethernet connection.

The stimulation computer was also connected to the EMG recorder via a serial
port connection (COM1). This connection allowed sending digital triggers via

Presentation software facilitating the electromyography data analysis and interpretation.
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2.9.Data analysis

All statistical tests were performed using the IBM SPSS Statistics 23 (IBM
Corporation) and had an alpha level of 0.05.

2.9.1. Reaction Time

The software used for the task design and presentation (Presentation
[Neurobehavioral Systems, Inc., Albany CA] allows the user to record every sequence of
stimulus through a log file. The code generated for the task was developed in order to
record the reaction time of every keyboard response given by the subject. Additionally, a
script was developed using Matlab R2017a (MathWorks, Natick, MA) for the RTs analysis.

After extracting all the triggers and the recorded information from the log file,
the entire task was divided by blocks and each block was identified according with the
type of condition. For each block, four stimuli were presented. All the correct responses,
i.e., accurate responses and given during the stimulus presentation, had a reaction time
associated. Therefore, the number of responses given during the stimulus presentation
was also extracted and an average RT value for correct responses was calculated for each
block. Incorrect responses given in other moment of the block were not taken into
account.

Finally, after collecting the reaction times for every block across the five
participants, both in Part | and Part I, a mean RT value was calculated for each condition.

The RTs were subjected to paired-sample t-tests between conditions (C1 and
C2). A Pearson product-moment correlation was run to determine the relation between
RT and response accuracy. A two-way repeated measures ANOVA was also performed
with Condition and Pulse as within-participant factors to investigate the influence of the

TMS pulse in RTs between blocks with TMS and NO TMS.

2.9.2. Pupillometry data analyses
Pupillometry data were exported from Tobii Pro Studio and subsequent

analysis was made using MATLAB scripts and EEGLAB toolbox [165]. The raw pupil data
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for both right and left eye was smoothed using a 5-point average filter. Afterwards, data
were corrected for blinks (which is correspondent to negative pupil size values in the eye
tracking recordings) and linearly interpolated for missing values. Finally, outliers were
removed using the interquartile range as a threshold (Tukey method).

However, the left eye, for all subjects, appeared to show a high amount of
missing data due to failures of the eye tracker to detect the left eye. Therefore,
considering the strong correlation between left and right pupil diameters (r>0,9) [166],
the pupillometry data concerning the right eye was chosen for analysis.

The recordings were divided by blocks, according with the digital triggers
sent by the stimulation computer, using MATLAB scripts. Next, using EEGLab, continuous
data were epoched (Part I: -1500 to 6000 ms; Part Il: -1000 to 8000 ms) surrounding the
trigger informing the Cue offset. The epochs were visually inspected and remaining noisy
epochs were marked for removal.

Baseline, defined as the interval from -200 ms to 0 ms, was removed from each
data point in order to study cue evoked pupil changes and to reduce inter-subject
variability in terms of pupil size, in accordance with earlier studies [166, 167].

The pupil size variations were averaged across participants for each recorded
time frame, saved according with the respective condition and plotted as a function of

time after the Cue offset (Figure 2.11).
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Figure 2. 11 - Scheme of the pupillometry data analysis workflow. Raw data was pre-processed with
appropriately developed MATLAB scripts and epochs were extracted with the toolbox EEGLab.
Pupillometry data organized per condition was the output of this analysis, allowing plotting of pupil
response as function of time and group analysis.

The pupillometry data was subjected to a two-way repeated measures
ANOVA with Condition and TMS pulse as within-participant factors to investigate their
influence in pupil response in blocks with and without TMS pulse between the three
conditions: C1, C2 and Passive-viewing. Further post-hoc paired t-tests were performed
to allow a better understanding of the statistical differences between C1 and C2; and in
order to investigate the influence of the magnetic pulse on the pupil response within

each condition.

2.9.3. CS excitability analyses

To assess CS excitability during the task performance for the three conditions,
motor evoked potentials peak-to-peak amplitudes were compared across participants. P-
t-p amplitude was defined as the difference between the minimum and maximum

elctromyographic signal 20 to 50 ms after the TMS artefact (Figure 2.12). The MEPs

Andreia Verdade 67



Motor excitability modulation during the delay period —a TMS and pupillometry study

amplitudes and background EMG activity were manually investigated using the

AcqKnowledge 4.4 (BIOPAC, Goletta, CA) software.
TMS artifact

\ MEP p-t-p amplitude
EMG background p-t-p ‘

amplitude ‘ n T -

1mV

20 ms

Figure 2. 12 - Example of a motor-evoked response (MEP) elicited in Part Il and recorded using
electromyography recording.

MATLAB scripts were developed for analysis of CS excitability data.

In order to prevent contamination of the MEP measurements, blocks with
background EMG activity greater than 2.5 standard deviations around the mean of
background noise in the 200 ms window preceding the TMS artifact were excluded (6,11
%). No other blocks where MEPs were registered were excluded and no other outlier
exclusion method was performed to prevent data overprocessing.

The MEPs amplitudes were categorized by condition and an average across
participants was calculated. The absolute amplitude values were analysed but a
normalization of the MEPs p-t-p was also carried out. Since the amplitude value of the
evoked responses during the resting period (TMSgaseune) did not depend on the condition,
an average of the total MEPs amplitudes was made for each subject, which corresponded
to the value of CS excitability baseline (MEP Baseline). MEPs recorded for every condition
during the delay period were calculated relative to this value and an average across
participants was calculated for each condition, allowing an interpretation of the
amplitude percent variation for each condition.

To investigate the influence of decision complexity in CS excitability, two-way
repeated measures ANOVA tests were performed to assess differences between the three
conditions. Paired t-tests were also used to compare motocortical excitability between

each pair of conditions, for both the resting and the delay periods.
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3. CHAPTERIIl. RESULTS AND DISCUSSION

3.1.Part | - the effect of decision complexity on task-
related pupil responses

In the present study, it was first investigated whether pupil size varied during
visuomotor task performance and if increased decision complexity affected these
variations. In this context, pupil size was recorded while subjects completed a cued-CRT
task (see Methods).

Pupil diameter of the right and left eye was recorded at 120 Hz in 5 healthy
young adult subjects while performing a computerized visual task. The blink-corrected
pupil size recorded during task performance for one subject is shown in Figure 3.1.

Luminance values were measured (see Appendices) and all visual stimuli used
were isoluminant with the background so that luminance levels were kept constant
during all task. However, even without changes in luminance levels, it is possible to
observe that pupil diameter fluctuated. In humans, pupil main function is to adjust the
amount of light entering the eye in response to luminance changes: contracting in
response to a transient luminance increase, a reflex known as the ‘pupil light response’
[150]. However, pupil size is not only determined by luminance but has also shown to
vary with several others parameters regarding cognitive processing as stimulus
awareness and arousal level [153], and decision making [152].

The designed task and its different block types allowed the study of the pupil

size modulation related to decision complexity under conditions of constant luminance.
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Figure 3. 1 - Time course of pupil response for one subject. Pupil diameter (mm) varied visibly along the
CRT task performance.

3.1.1. Reaction Time Analysis

The reaction times for each condition (C1 and C2) were also recorded and are
shown in Figure 3.2. For the most complex decision condition blocks (C2), the RT mean
value was 434,54 ms (SE=16,06 ms); while for C1, the mean RT value was 362,11 ms
(SE=20,53 ms). The RT values between the two conditions were significantly different

(t(4)=-5,154, p<0.01 - paired t-test) and, as expected, high difficulty blocks (C2) were

accompanied with longer reaction times.
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Figure 3. 2 - Reaction times for C1 and C2: less difficulty condition (C1) and more difficulty condition (C2).
C1: M=362,11 ms; SE=20,53 m; C2: M= 434,54 ms; SE=16,06 ms. Error bars represent standard errors. ** =
significantly different (p-value<0.01).

Several studies have shown that RT reflects the workload in the brain [168]
and, more specifically, several aspects of decision making [169] and response planning
[170].

Even though the responses required in the task remained the same for both
conditions C1 and C2, the type of decision was different, with C1 requiring a simple
detection of a visual stimulus, while C2 required the discrimination between two different
stimuli and a choice between two possible responses. The significant RT difference
indicates a different workload and, consequently, a different cognitive processing time
for each condition, reflecting the different decision complexity level between C1 and C2.
Therefore, it seems fair to say that a slower RT, even when not specified, will belong to a
higher decision difficulty condition. These results are in accordance with recent studies
in which task difficulty had a significant effect in RT [171] and with the assumption that a

more complex condition requires a longer time of response planning [172].
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Furthermore, a correlation between the reaction time and response accuracy
was observed either for C1 or C2 among subjects (Figure 3.3). For the less complex
condition, C1, a low negative correlation was seen between RT and response accuracy
(r=-0,497,p=0.395). On the other hand, for the more complex condition, C2, a low positive
correlation was seen between the two parameters (r=0,274, p=0.656).

However, considering the p-value obtained given to the small number of
participants included in this study and the variability in the data, conclusions should be

made with caution.
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Figure 3. 3 - Pearson correlation between reaction time and response accuracy during task performance.
Left: Negative correlation between the 5 subjects averaged RTs and their response accuracy in condition
1 blocks (r=-0,497, p=0.395). Right: For condition 2, a positive correlation was seen across the 5 subjects
between their RTs and response accuracy (r=0,274, p=0.656), suggesting that slower responses may
indicate greater response accuracy.

The negative correlation seen for C1 indicates that subjects who took longer
torespond, in average, tended to err more. It must be considered that, in the present task,
responses are incorrect not only when inaccurate but also when are not given during the
stimulus presentation time (600 ms). Therefore, this negative correlation may also be due
to the fact that subjects who responded slower were more likely to miss the response
time.

However, for the more complex condition, C2, in which the preparatory cue

was ambiguous and subjects should decide between the two possible stimuli that
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emerged on the screen, these data suggests that a slower response was, on average,
correlated with a better performance. Since reaction times are often used as an index of
motor preparation and programming [173], a slower response in the higher difficulty
condition may, therefore, reveal an underlying better response preparation, which

ultimately results in a higher accuracy and a better task performance.

3.1.2. Pupillometry data Analysis

In the cued-CRT task used, the subject, after a cue was presented during 1500
ms, should withhold the response until the stimuli appeared on the screen. The cue was
either two spheres (Passive-viewing condition), where subjects should not give any
response, 2 left or right arrows (Condition 1), informing the subject which arrow would
appear as target stimuli, or an ambiguous cue composed of one of each arrows
(Condition 2) and, therefore, the subject should be prepared for the randomly distributed
stimuli, which could be either one left or right arrow. The passive-viewing condition
allowed the investigation of whether pupil size changes between a passive and an active
task. For a more detailed description of the task, see Methods.

An overview of the task-related pupil dilation response, time locked to the
offset of the cue, is showed in Figure 3.4. Average pupil diameter data between -1500
ms and 6000 ms for each block is displayed, allowing a complete observation of pupil
size variation during the entire blocks’ duration (on average, 6000 ms). The pupil

diameter immediately before cue onset was subtracted from the data.
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Figure 3.4 - Task-related pupil dilation for all three conditions: Passive-viewing condition (blue trace), C1
(yellow trace) and C2 (red trace). Averaged data for all 5 subjects (n=5) shown from [-1500, 6000] ms,
where the origin point corresponds to the moment of the cue offset. Shaded regions represent the mean
+ 1 SE.

A clear difference between pupil sizes’ time course for the three conditions
was observed during the whole block duration (from-1500 up to 6000 ms) and a repeated
measures ANOVA comparing the average pupil dilation during the time window
between -1500 (cue onset) and 6000 ms after cue offset revealed that this difference was
statistically significant (F,s=18,503, p<0.005).

A further post-hoc paired t-test showed a significant difference between the
less complex condition, C1, and the more complex condition, C2, during this period
(t(4)=-3,234, p<0.05), with pupil response increased in average 0,2236+0,0660 mm in C2
blocks more than C1 blocks (Figure 3.5). This difference seen is in agreement with the
reaction time previous results (Figure 3.2) and the different difficulty levels between the

two conditions that, as explained in Methods, involved distinct decision complexities.
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Pupil diameter has been shown to reflect cognitive task demands and to be a measure
for mental activity and short-term memory load [154, 155]. Accordingly, a higher task
complexity, which requires a greater mental effort and a more complex decision making

process, is related to a greater increase in pupil diameter.
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Figure 3.5 - Averaged pupil dilation for all three conditions for [-1500, 6000] ms time window. C1:

M=0,2694mm, SE=0,0709mm; C2: M=0,4830mm, SE=0,1219mm; Passive-viewing: M=-0,0251mm,

SE=0,0160mm. Error bars represent standard errors. * = significantly different (p-value<0.05); *** =
significantly different (p-value<0.005).

Interestingly, this difference is only seen after the cue offset. In fact, when
testing time window [-1500, 0] ms, which is the time of the cue presentation, no
statistically significant differences were seen in pupil response between the three
conditions (Fi,0404,150=0,837; p=0.468). Although an initial increase in pupil response is
seen ~500ms after the preparatory cue onset, around -1000 ms, a posterior notable dip

was also recorded in the later part of [-1500, 0] ms time window, closer to the cue offset.
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A similar dip has been reported in other studies to be originated from the visual
stimulation [154]. However, this dip in pupillary response may also be related to the
attenuation of this response during the motor preparation interval, given the great time
interval between the cue onset and the 1 target stimulus onset (At=2000 ms). Moreover,
this dip may be a reflection of cortical inhibition, which typically characterizes the interval
of motor preparation [68].

After the cue offset and before the 1% stimulus presentation (which here
serves as the imperative signal), corresponding to the time window [0,500] ms, the pupil
size started to increase markedly for both C1 and C2. When testing this interval duration,
however, ANOVA repeated measures did not reveal significant differences between the
three conditions (F,s=3,186; p=0.096).

However, in the time interval [400,500] ms, immediately before the 1+
stimulus presentation, differences in pupil response between the three conditions were
statistically significant (F,s=5,174, p<0.05). A further post-hoc paired t-test revealed that
this significance was only seen when comparing C2 and the passive-viewing condition
(t(4)=3,123, p<0.05) (Figure 3.6). This significant difference appears to confirm what was
already seen by others that pupil size also reflects whether subjects are engaged in a
task or not [149]. Furthermore, this result reveals that this modulation effect of task
engagement in pupil response starts prior to the actual motor response, during the

delay period.
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Figure 3. 6 - Averaged pupil dilation for all three conditions for [400,500] ms time window. C1:
M=0,0096mm, SE=0,0261Tmm; C2: M=0,0971mm, SE=0,0642mm; Passive-viewing: M=-0,0583mm,
SE=0,0254mm. Error bars represent standard errors. * = significantly different (p-value<0.05).

In this period, the mean difference between C1 and C2 was -0,0875+0,0563
mm, meaning that pupil fluctuations for the more complex condition, C2, were already
greater than for condition C1. The fact that this difference is seen earlier in the task, during
the motor preparation interval, means not only that subjects’ pupil response is
modulated by decision complexity, but also that the different conditions made subjects
prepare differently.

Pupil activity is a reliable indicator of the activity in the locus coeruleus, which
is the main source of NE to the cortex. Recent studies using NE reuptake inhibitors, as
reboxetine, have shown an enhancement of cortical excitability in the human brain [125].
Therefore, a greater pupil size increase may imply a higher cortical excitability state.

In accordance with the earlier results, a condition involving a more complex
decision process (C2) is related to a greater pupil dilation, which indicates greater NE
release through LC in this condition. Therefore, decision complexity is able to modulate

pupil response. Moreover, considering the crucial role of NE in cortical excitability
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modulation, the previous results appear to show that a condition involving a more
complex decision may be related to a more excitable CS tract, not only in the entire task
duration but also during the motor preparation interval.

Several authors have reported a cortical inhibition prior to motor response,
during the delay period, in order to favour and facilitate the upcoming response [68]. The
proposed hypothesis in this study was based on these evidences. However, the present
results showing positive pupil fluctuations in the delay period and suggesting CS
excitability states during this period appear to be in contradiction with the proposed
hypothesis of cortical inhibition prior to motor response.

Finally, the maximum peak in pupil size variation for C1 condition
(max=0,4780 mm) was reached at 3775 ms after the cue offset and for C2 (max=0,7213
mm) was reached at 3958 ms. The two peaks take place ~1000 ms after the 4" stimulus
presentation, which is probably due to the cessation of the task-related cognitive load
[174]. The plotting of these responses shows a behaviour that accompanies the block
duration with successively increased pupil size overtime and, after the last stimulus was
presented, a slow decrease in pupil size was recorded. This behaviour is in accordance
with findings that pupil response scales with attention workload during task performance

[154].

In addition to the CRT blocks, other type of blocks were introduced in the
initial task, cue-only blocks. Similar to the other blocks, an initial cue was presented (the
cues were equal to the ones used for the remaining blocks and so was their duration), but
no further stimuli were presented. Consequently, no response was required in these
blocks and they will be referred to as ‘Cue-only’ blocks.

These Cue-only blocks comprised 20% of the entire number of blocks in the
task, contained the three conditions in equal proportion (see Methods) and were
pseudo-randomly distributed throughout the task. These blocks allowed a better
understanding of pupil diameter fluctuations when the subject was cued for the

response but no actual response was given (Figure 3.7).
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Figure 3.7 - Pupil diameter changes during Cue-only blocks for the three conditions. Passive-viewing
(blue trace), C1 (yellow trace) and C2 (red trace). Averaged data for all 5 subjects (n=5) shown from [-1500,
6000] ms, where the origin point corresponds to the moment of the cue offset. C1: M=-0,0013mm,
SE=0,1086 mm; C2: M=-0,0611Tmm, SE=0,1069mm; Passive-viewing: M=-0,0905mm, SE=0,0943 mm.
Shaded regions represent the mean + 1 SE.

A statistical analysis allowed to see that, in these blocks, considering the entire
task time window [-1500, 6000] ms, no significant differences were seen between the
three conditions (F,s=1,058; p=0.391). This result appears to be contradictory with what
was seen earlier in the remaining blocks (Figure 3.4). However, one must be reminded
that, in these Cue-only blocks, the preparatory cue was not followed by any stimuli, thus,
no response was required. Therefore, the previous result not showing significant
differences between the three conditions appears to be in accordance with the fact that,
after realizing the type of blocks they were being presented with, which should have
occurred around 500 ms after the cue offset - the time of the 1 target stimulus onset in

the remaining blocks- subjects attention waned. This non-engagement would explain
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the non-differences reported between the three conditions and, particularly, between
the less complex condition C1 and the more complex condition C2. Thus, this result
reveals once more that pupil response may therefore be a good indicator of task
engagement.

An analysis of pupil response before this moment was also carried out. For the
time window [-1500, 0] ms, correspondent to the cue presentation, ANOVA repeated
measures analysis did not show significant differences between the three conditions
(F,5=3,487, p=0.081), which was also earlier seen for the remaining blocks.

During the delay period ([0,500] ms), a significant difference between the
three conditions was seen (F,5=7,815, p<0.05) and post-hoc paired t-tests revealed that
the pupil size fluctuations differences during this interval were significant between C1
and the passive-viewing condition (t(4)=3,307, p<0.05). Although only marginally
significantly (¢(4)=2,297, p=0.083), C1 and C2 differed in average -0,0855+0,0372 mm (C1-
C2). However, the number of blocks considered for this analysis was much lower than the
remained blocks (only 20%). Thus, a future confirmation of this result with a higher N (#
of blocks) and number of participants is needed.

A further analysis of the pupil fluctuations for the three conditions using the
time window [400, 500] ms was also carried out in order to investigate how subjects
prepared immediately before the time of the supposing 1tstimulus presentation

(Figure 3.8).
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Figure 3. 8 - Averaged pupil dilation for all three conditions for [400,500] ms time window. C1:
M=0,1075mm, SE=0,0713mm; C2: M=0,0246mm, SE=0,0497mm; Passive-viewing: M=-0,0862m,
SE=0,0205mm. Error bars represent standard errors. * = significantly different (p-value<0.05).

Statistical analysis revealed significant differences between the three
conditions in this period (F,s=6,893, p<0.05). A significant difference was only reported
between C1 and the passive-viewing condition (t(4)=2,981, p=0.041).

In Cue-only blocks, immediately before the 1 stimulus onset, a significant
difference is seen between the passive-condition and C1. However, in the remaining
blocks and as discussed earlier, during this interval, significance was seen for pupil
responses differences between the passive-viewing condition and C2. It must also be
emphasized that the only difference between the two block types (Cue-only and
remaining task blocks) is the non-appearance of imperative stimuli after cue offset in
Cue-only blocks. Therefore, when it comes to pupil fluctuations occurring until the 1+
stimulus supposing onset time (500 ms after cue offset), participants would prepare
similarly for the two block types. Although a further greater sample size may be needed

to allow a better understanding of this result, the differences between either C1 or C2
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and the passive-viewing condition during this period in both block types strongly
suggests pupillary response as a good task-engagement indicator.

The maximum peaks in Cue-only blocks for C1 and C2 were recorded at
~1683ms and ~1350ms, respectively, much earlier than what was recorded for the
remaining blocks. These shorter times, concomitant with the appearance of the 2™
stimulus in the remaining blocks ([1300, 1700] ms) may be justified with the fact that all
subjects, before starting the task, were instructed for the random presence of Cue-only
blocks. Consequently, after perceiving what block type they were presented with (after
1%t stimulus did not appear on the screen), pupil response diminished. This observation
also shows what was seen earlier for the passive viewing condition: pupil diameter
changes reflect whether subjects are engaged in a task or not during the motor

preparation period.

3.2.Part Il - the effect of decision complexity on CS
excitability probed by TMS and pupillometry

As described in Methods, the visuomotor task used in Part Il was slightly
different than the visuomotor task used in Part I. The ‘Cue-only’ blocks were discarded in
order to increase the number of trials for the other conditions and reduce time on task,
avoiding participant tiredness, and, although it remained a cued-choice RT paradigm
and the cues and stimuli used were the same, cue presentation duration was 200 ms
and a higher interval was defined between cue offset and the 1+ stimulus presentation
(randomly distributed between 1400 and 1800 ms). By increasing the interval time
between cue offset and 1 stimulus, the period of motor preparation was therefore
longer.

CS excitability was assessed with transcranial magnetic stimulation (TMS),
while subjects performed the task. TMS pulses were given in two different time points:
during the preparatory period, 1300 ms after the cue offset (delay period) (100-500 ms
before the 1% stimulus presentation), allowing to assess cortical excitability during the

movement preparation period for the three conditions (TMSpeiav); and during the
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fixation cross interval, 100 ms before the cue onset, which corresponded to the baseline
measure of CS excitability (TMSgaseune).

Motor evoked responses, pupil size fluctuations and reaction times were
recorded from 5 healthy young subjects during the entire task performance. Before data
acquisition, a preliminary session study was run in order to adjust task parameters

(results are shown in Appendices).

3.2.1. Reaction Time Analysis

RT data showed a significant difference between Condition 1 (C1) and
Condition 2 (C2) blocks independently of the TMS pulse (NO TMS: t(4)=-5,609, p<0.05;
TMSpeway : t(4)=-5,959, p<0.05) (Figure 3.9).
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Figure 3.9 - Reaction times for the two active conditions: less difficulty condition (C1) and more difficulty
condition (C2) in TMSpeiay (dark grey) and NO TMS (light grey) blocks. NO TMS blocks: C1: M=334,26m:s,
SE=6,71ms; C2: 423,59ms; SE=9,26 ms. TMSpeiay blocks: C1: M=331,52ms, SE=3,48ms; C2: M=427,93ms,

SE=4,57ms. Error bars represent standard errors. *** = significantly different (p-value<0.005).
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As expected, RTs were shorter for C1 condition, which specified the
forthcoming response. In blocks with no TMS pulse, the mean RT for C1 was 334 ms
(SE=6,71 ms) whereas for C2 was 423ms (SE=9,26 ms). Shorter RTs in C1 blocks were also
observed when TMS was applied during the action preparation period (C1: 331 ms
[SE=3,48 ms] and C2: 427ms [SE=4,57 ms]). Accordingly, a two-way repeated measures
ANOVA revealed a significant effect of Condition on RT (F:4=44,126, p<0.05) for the two
types of blocks.

Shorter RTs in C1 in both no-TMS and TMS blocks indicate that participants
used the preparatory cues to prepare the appropriate response which resulted in shorter
reaction times. On the contrary, the ambiguous cue in the C2 blocks resulted in longer
RT, meaning that subjects took longer to prepare the response. This result is in perfect
accordance with the higher complexity decision involved in C2 condition, as explained
earlier. Since cued-CRT paradigms have been well-established to allow the study of
movement preparation and response programming, different reaction times reveal
different cognitive processes and movement preparation timings between the
conditions.

Earlier studies have shown that when a suprathreshold TMS pulse is delivered
over M1 at an intensity high enough to induce motor-evoked potentials in muscles
involved in the response, simple RTs are delayed [175]. On the contrary, subthreshold
TMS pulse causes the opposite effect and is capable of reducing RT. Several authors have
come to the conclusion that these facilitation or slowing effects on RT depend not only
on the pulse intensity but a greater effect was seen when different timings of pulse
delivery were tested [175]. For instance, Leocani and colleagues [176] showed a time
interval of 40 ms period after the magnetic pulse (20 ms after the motor evoked response)
of electromyography silence, where no motor response was recorded, which resulted in
a delay reaction time.

In the present study, a suprathreshold level TMS pulse was applied (115%
RMT) 1300 ms after the cue offset (thus falling 100-500 ms before the imperative signal).
It is important to understand that the imperative signal here refers to the 1 stimulus

presentation.
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A two-way repeated measures ANOVA analysis of the present data, however,
did not show any influence of TMS in reaction time (F;4=0,021, p=0.892). Furthermore, no
interaction was seen between Condition and TMS (F;,4=0,200, p=0.678), meaning that the
effect of the TMS pulse did not depend on the type of condition.

According with Leocani [176], a 40 ms EMG silent period appears after the TMS
pulse. This EMG silent period, described in previous studies, appears to correlate with the
cortical silent period earlier described [177]. Silent period duration is related to the
activity of the inhibitory neurotransmitter GABA and is consistent with the GABAg
receptor activation peak which is reported to be 100-300 ms. Many other authors have
also reported SP duration to be 100-300 ms [177] in healthy subjects.

However, in the current study the magnetic pulse was given 100-500 ms
before the imperative signal, during the motor preparation period, when targeted
muscles of the further response were relaxed. Also, considering the reported duration of
the SP, TMS pulse would only be able to affect the RT relative to the 1 stimulus and the
effect of the magnetic pulse may have been, therefore, diluted in the 3 further stimuli,
which explains the non-existent RTXTMS interaction, when considering the averaged RT
of each block.

A weak positive correlation between RT and the accuracy of the responses

was seen for both C1 (r=0,185, p=0.766) and C2 (r=0,268, p=0.663) (Figure 3.10).
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Figure 3. 10 - Pearson correlation between reaction time and response accuracy during task performance.
Left: Positive correlation between the 5 subjects averaged RTs and their response accuracy in condition 1
blocks (r=0,185, p=0.766). Right: For condition 2, a positive correlation was seen across the 5 subjects
between their RTs and response accuracy (r=0,268, p=0.663).

Even though, for condition 1, the negative correlation seen in Part | was not
replicated here, the r value obtained is close to nullity. The correlation appears to be
stronger for the more complex condition, C2. As seen earlier in Part |, a slower RT in C2
blocks appears to be correlated to a higher response accuracy. Although this correlation
was not strong and needs further confirmation, the positive relation between RT and
accuracy in the higher difficulty blocks seen in the present project may be an interesting

preliminary result and boost future studies regarding the speed-accuracy trade-off.

3.2.2. CS Excitability Analysis

Motocortical excitability during the motor preparation period was assessed
with single-pulse transcranial magnetic stimulation (TMS) over the primary motor cortex
(M1). The magnetic pulse was applied at 2 different times. For CS excitability baseline
measures, the pulse was delivered 100 ms before the Cue onset (during the fixation cross
presentation) (TMSgaseune: 10 MEPs/condition). The second timing chosen for the pulse

delivery was 1300 ms after the cue offset, corresponding to 100-500 ms before the 1+
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stimulus presentation, during the delay interval which corresponds to the movement
preparation time (TMSpeav: 30 MEPs/condition).

Before the experiment started, the resting motor threshold (RMT) was
determined for each subject (see Methods). Across participants, the averaged RMT
corresponded to 64% (SE=2,59%) of maximum stimulator output.

During the TMSegaseune blocks, before the Cue was presented, the mean
MEP+SE amplitudes were 1,2526+0,4642mV, 1,4945+0,4357mV and 1,2282+0,4503mV
for the passive-viewing, C1 and C2 conditions, respectively (Figure 3.11). These

amplitudes were not significantly different (F,s=0,943, p=0,429) in this period.
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Figure 3. 11 - Group mean amplitudes for the three conditions (Passive-viewing, C1 and C2) during the
resting period. Condition complexity had no significant effect on the MEPs amplitudes recorded during
this period (F,5=0,943, p=0,429). C1: M=1,4945mV, SE= 0,4357mV; C2: M=1,2282mV, SE=0,4503mV;
Passive-viewing: M=1,2526mV, SE=0,4642mV. Error bars represent standard errors.
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The MEPs amplitude is a reliable indicator of the CS excitability of the cortical
region stimulated in M1 [63]. Therefore, this non-significant difference between the three
conditions during the resting period suggests that there are no differences in
corticomotor excitability before the subject becomes aware of the decision complexity
level of the further condition. Obviously, when subject has no foreknowledge of the
forthcoming condition, pre-cue CS excitability is independent of decision complexity.

However, when looking to the delay period (TMSpeiay blocks), the amplitudes
between conditions were significantly different (F,s=4,910; p<0.05), showing a
modulation effect by the type of condition. Paired t-tests revealed statistically significant
differences between C1 and Passive-viewing (t(4)=3,698, p<0.05) and C2 and Passive-
viewing (t(4)=2,138, p<0.05) conditions. However, this was not the case when comparing

condition 1 and condition 2 (t(4)=-0,672, p=0.538) (Figure 3.12).
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Figure 3. 12 - Group mean amplitudes for the three conditions (Passive-viewing, C1 and C2) during the
delay period. C1: M=1,4967mV, SE= 0,3986mV; C2: M=1,5452mV, SE=0,4300mV; Passive-viewing:
M=1,2874mV, SE=0,3528mV. Error bars represent standard errors. Error bars represent standard errors. * =
significantly different (p-value<0.05).
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The averaged amplitude of MEPs either for C1 or C2 were significantly
increased by a factor of 0,2093+0,0566 mV and 0,2578+0,1206 mV relative to the passive-
viewing condition values, respectively. Therefore, the CS excitability during the motor
preparation interval was modulated by task engagement. The fact that the amplitude
differences among conditions were not statistically different in the resting period but,
when looking into the delay period, which corresponds to the motor preparation period,
are considered to be significant, elucidates that the pre-cueing of the forthcoming
condition has a direct effect on CS excitability already in the motor preparation interval.
Thus, when the subject becomes aware of the condition type, CS excitability differences
are registered. Taking into account the fact that in C1 and C2 participants had to produce
a motor response while in the passive-viewing condition they did not, it becomes
possible to say that task engagement is able to modulate corticomotor excitability during
the motor preparation period.

In order to determine if CS excitability increased or decreased during the
preparatory period, its amplitude was calculated relative to the baseline. Since the
amplitude value of the evoked responses during the resting period was independent of
the further condition, an average of the total MEPs amplitudes was made for each subject,
which corresponded to the value of CS excitability baseline (MEP Baseline). MEPs
recorded for every condition during the delay period were a posteriori calculated relative

to the MEP Baseline and results are shown in Figure 3.13.
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Figure 3. 13 - Averaged amplitudes percentage for the three conditions (C1, C2 and Passive-viewing)
during the delay period relative to the averaged MEP Baseline value. C1: M=124,47%, SE= 25,20%; C2:
M=126,70%, SE=26,63%; Passive-viewing: M=105,09%, SE=18,30%. Error bars represent standard errors.
Error bars represent standard errors. * = significantly different (p-value<0.05).

In the delay period, which corresponds to the motor preparation period, the
MEPs amplitude values relative to MEP baseline for each subject differed significantly
across the three conditions (F,s=5,394, p<0.05). The amplitude of the evoked responses
for the two active conditions C1 and C2 was facilitated and an increase of 24% was seen
for condition 1 and an increase of 26% was recorded for the most complex condition, C2.
The amplitude of MEPs for the passive-viewing condition was only increased, in average,
by a factor of 5%, relative to the averaged MEP Baseline value.

This different modulation of the amplitude of the evoked responses suggests
different excitability levels for each condition during the motor preparation interval.
Thus, during the preparation of a motor response, the foreknowledge of the type of
condition subjects would be further presented with had an effect on CS excitability

baseline levels. A corticospinal facilitation was seen for the active conditions, whereas for
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the passive condition CS excitability remained close to the level of excitability measured
in the resting period, with an increase of only 5%.

In accordance, a statistical significant difference was seen when comparing
MEPs values between either C1 (t(4)= 2,754, p<0.05) or C2 (t(4)= 2,273, p<0.05) and the
passive-viewing condition. Also, even though not significant (¢(4)=-0,538, p=0,619), an
average differences of 2,23+4,15 % in MEPs amplitudes between C1 and C2 was recorded.
This difference may, however, be further explored in future work using a greater sample
size.

These results revealed facilitation of the CS excitability levels during the delay
period, which are in contradiction with the initial proposed hypothesis, according to
which would be expected to register a cortical inhibition during the period of motor

preparation.

3.2.3. Pupillometry data Analysis

Pupil response was extracted using a time window of [-1000, 8000] ms, where
the starting point plotted (x=0, y=0) corresponds to the moment of the cue offset. This
time window allowed an overview of pupil response during the entire blocks duration
(~7500ms).

TMS pulse was not given in every block of the task, in order to obtain pupil
dilation measurements not contaminated by the TMS pulses. Also, as referred in Methods,
in the blocks with TMS pulse, two different timings were tested.

For blocks with no TMS pulse (NO TMS blocks), an overview of pupil response
during task performance is showed in Figure 3.14. The data showed is the averaged pupil

response for the 5 subjects in each time point.
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Figure 3. 14 - Pupil diameter fluctuations for all three conditions during NO TMS blocks. Passive-viewing
(blue trace), C1 (yellow trace) and C2 (red trace). Averaged data for all 5 subjects (n=5) shown from [-200,
8000] ms, where the origin point corresponds to the moment of the cue offset. Time intervals in grey
columns correspond to the interval time in which the according stimulus appeared. Shaded regions
represent the mean = 1 SE. C1: M=0,1863mm, SE=0,0461mm; C2: M=0,3037mm, SE=0,0654mm; BL:
M=0,0074mm, SE=0,0754mm.

As also seen in Part |, after the cue onset, a brief constriction in pupil size was
seen as a response to the visual stimulus presentation. After this constriction, for all three
conditions an increase in pupil diameter was seen, which is in accordance with pupil
dilation associated with cognitive processing [174]. However, the pupillary response
during these blocks appeared to increase slower than what was seen in Part | after the
cue offset.

As seen earlier, here too pupil changes differed depending on the condition.
Considering the [-200, 8000] ms time window, an ANOVA analysis for repeated measures
reported statistically significant differences between the means of C1, C2 and the passive-

viewing conditions (F,s=17,337; p<0.05).
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A further post-hoc paired t-test revealed a statistically significant difference
between C1 and C2 (t(4) = 3,242; p<0.05) in pupil response fluctuations. A significant
increase of (0,1332+0,0411 mm) was seen for the more complex condition (Figure 3.15).
These results, therefore, are in accordance with what have been seen earlier in Part |
(Figure 3.4) and are able to confirm that not only a higher decision complexity condition
is related to a greater variance in pupil size during performance, but also that pupil

response is a reliable and non-invasive indicator of task engagement.
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Figure 3. 15 - Averaged pupil dilation for all three conditions for [-200, 8000] ms time window. C1:
M=0,2098mm, SE=0,0473mm; C2: M=0,3430mm, SE=0,0700mm; Passive-viewing: M=0,0082m, SE=0,0192mm. Error
bars represent standard errors. * = significantly different (p-value<0.05); *** = significantly different (p-value<0.001).

After the presentation of the 1% stimulus, pupil variation started to ramp up
for conditions C1 and C2, reaching its maximum peak (C1: max=0,4159 mm, C2:
max=0,7040 mm) at 4950 ms and 5742 ms, respectively, which lie after the 4" stimulus
presentation. Thus, pupil dilation accompanied the entire block duration and after the

last stimulus returned to its baseline values.
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Overall, the present pupillometry data have showed significant differences
between the three conditions used during the entire block duration. A greater pupil
dilation observed for the condition involving a more complex decision, C2, may indicate
a higher motor cortical excitability in these condition blocks. Once more, these results
reveal a modulation effect of decision complexity on pupillary response throughout task

performance.

3.2.3.1. Correlation between pupil dilation responses and motor
cortical excitability modulation

The previous pupillometry results showed a greater pupillary dilation for the
active conditions (C1 and C2). Therefore, in order to evaluate whether or not pupillary
response may be a reliable indicator of the motor cortex excitability, a correlation analysis
was carried out between the average pupil response and MEPs p-t-p amplitudes relative
to MEP baseline measured in TMSpeay blocks during the motor preparation period.
Considering pupillary response to be slow, with pupil dilation following cognitive
activation at about 300-500 ms [178] and in order to investigate inter-subjects variability,
pupil response fluctuations in the time window comprising the entire block duration ([-
200, 8000] ms) were analyzed for the three conditions.

Given thatin this pilot study only a small number of participants was included,
interpretation of correlational analyses should be done with caution. Nevertheless, this
analysis was included as an example of the type of analyses that should be done in future
studies where a higher number of participants would be included. For all three
conditions, a positive correlation was seen between the MEPs amplitude percentages
relative to MEP baseline and the average pupillary response in the considered interval
(Figure 3.16) (C1: r=0,552, p=0.335; C2: r=0,276, p=0.653; Passive-viewing: r=0,141,
p=0.821).
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Figure 3. 16 - Pearson correlation between pupillary response and MEPs p-t-p absolute amplitudes during
the delay period. A: Positive correlation between the 5 subjects averaged MEPs amplitudes and their
pupil response fluctuations in condition 1 blocks (r=0,552, p=0.335). B: For condition 2, a positive
correlation was also seen across the 5 subjects (r=0,276, p=0.653). C: Correlation between MEPs and pupil
fluctuations during the motor preparation interval were seen even for the passive-viewing condition
(r=0,141, p=0.821).

However, as seen in Figure 3.16, this correlation was only unmistakable in one
participant for all three conditions. In fact, by plotting MEPs average p-t-p amplitudes
across the 5 participants (Figure 3.17) in all conditions, it is clear that in one subject, the
amplitudes relative to the MEP baseline value revealed a CS facilitation, greater than the
ones recorded for the remaining subjects. Although furthest from the average, the MEPs

amplitudes recorded from this individual were not significant outliers (p>0.05).
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Figure 3. 17 - Box plot for all three conditions across the 5 subjects of MEPs P-T-P amplitudes relative to
MEP Baseline value.

These analyses thereby show a correlation between the pupil response
fluctuations and CS excitability measured during the motor preparation interval.
Although these results contradict the initial proposed hypothesis, the timings used to
assess CS excitability through TMS pulse delivery should be considered and will be further
discussed. However, these results showing pupillary response as an indirect indicator of
motor cortex excitability, not yet reported elsewhere, should be explored in future work,

using a larger sample size.

3.2.3.2. Effect of TMS pulse on pupil dilation responses

Average pupil response for all subjects in blocks with TMS pulse given during

the delay period (TMSpeiay blocks) is shown in Figure 3.18.
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Figure 3. 18 - Pupil diameter fluctuations for all three conditions during TMSpe ay blocks: passive-viewing
(blue trace), C1 (yellow trace) and C2 (red trace) conditions. Averaged data for all 5 subjects (n=5) shown

from [-200, 8000] ms, where the x origin point corresponds to the moment of the cue offset. Shaded

regions represent the mean + 1 SE.

In these blocks, pupil response was also modulated by decision complexity.

Using a repeated measures ANOVA analysis, pupil fluctuations revealed significant

changes between C1, C2 and passive-viewing condition (F,s=31,105; p<0.0005),

considering the time window [-200, 8000] ms, i.e., the entire block duration. A paired t-

test revealed that these differences were significantly different (Figure 3.19) between

either C1 or C2 and the passive-viewing condition (t(4)=7,517, p<0.005; t(4)=5,983,

p<0.005 respectively). However, no significant differences were seen between C1 and C2

(t(4)=-1,813, p=0.144).
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Figure 3. 19 - Averaged pupil dilation for all three conditions for [-200, 8000] ms time window. C1:
M=0,2365mm, SE=0,0341mm; C2: M=0,2870mm, SE=0,0526mm; Passive-viewing: M=0,0583mm,
SE=0,0494mm. Error bars represent standard errors. ** = significantly different (p-value<0.005); *** =
significantly different (p-value<0.001).

It is evident that between 1500 ms and 4000 ms after the cue offset, an
additional pupil dilation response appears in all task conditions, that was not present in
the blocks with no TMS.

Contrary to what have been seen in blocks with no TMS pulse, pupil response
in TMSpeav blocks did not accompany the stimuli presentation in the entire block
duration. Although pupil size increased visibly after the 1% stimulus presentation
(imperative signal) for conditions C1 and C2, a decrease in pupil response was seen for
these conditions starting around the 2" stimulus offset. Also, for the passive-viewing
condition, a decrease is also seen around the same moment.

The timing for this decrease (~2700ms) is equivalent to an interval of ~1400
ms after the TMS pulse. After this moment, pupil response started to ramp up again until
its maximum peak (C1: max=0,4449 mm, C2: max=0,5522 mm) which was reached at

5717 ms and 7058 ms, respectively, after the last stimulus was presented. Although its
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ultimately response resembles to accompany the block duration; initially, comparing
with what was seen earlier for the NO TMS blocks and even the pupillometry data in Part
l, pupil response appeared to respond to the magnetic pulse.

Furthermore, in these blocks, pupil variation in the passive-viewing condition
blocks also varied greatly from what have been previously showed for blocks with no
pulse. In previous results showed, pupil response for this condition remained
approximately stable during the entire block duration. However, in the present blocks,
even though no differences besides the absence of the TMS pulse existed from the NO
TMS blocks and, blocks with and without pulse were intermingled, after the magnetic
pulse delivery, pupil fluctuations started to increase rapidly, behaving almost alike the
responses recorded for C1 and C2 conditions, contrary to what have been earlier seen.

In order to understand these changes in pupil behaviour, a more careful
analysis was carried out regarding the TMS influence in pupil response during
performance for each condition.

To that end, pupillometry data for each condition from NO TMS blocks and
TMSpeiay blocks were compared and paired-samples t-tests were performed. Several time
windows were tested for analysis. Since the main goal was to investigate whether TMS
pulse had an effect on pupil response and once TMS pulse was delivered (in TMSpeiay
blocks) 1300 ms after cue offset, the first time window used was [1300,1600] ms.

Visual comparison of the pupillary waveforms obtained in blocks with TMS in
comparison with blocks with no TMS (Figs. 3.20, 3.21 and 3.22) revealed that TMS
produced a delay of the pupil dilation response, with the peak of the response occurring
later and taking longer to return to baseline values.

For condition 1, no significant differences were seen in pupil fluctuations
between NO TMS blocks and blocks with TMS pulse during the delay period (t(4)=-0,341,
p=0.750) (Figure 3.20).

Taking into account that pupillary response for the three conditions in blocks
in which magnetic pulse was delivered appear to suffer a decrease around the 3 stimulus
presentation, the time interval laying in [1600, 3600] ms was analyzed and a paired t-test

also revealed no significance (t(4)=-0,901, p=0.419). The time window [3600, 5600] ms
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also did not reveal an effect of the magnetic pulse in the pupil response (t(4)=0,906,
p=0.416).

Finally, testing the time window correspondent to the final stage of block
duration ([5600, 8000] ms), pupil variation changes between the two types of blocks
revealed significance (t(4)=-5,175, p<0.05) with an averaged increment of 0,1712+0,0740

mm for blocks in which the magnetic pulse was delivered.
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Figure 3. 20 - Pupil diameter fluctuations for Condition 1. Dark-green represents pupil size fluctuations

recorded during TMSpe av blocks and light-green represents pupil size fluctuations recorded during NO

TMS blocks. Averaged data for all 5 subjects (n=5) shown from [-200, 8000] ms, where the origin point
corresponds to the moment of the cue offset. Shaded regions represent the mean + 1 SE.

For condition 2 (Figure 3.21), no TMS effect was seen in pupil response during
the delay period ([1300, 1600] ms) (t(4)=0,633, p=0,561). Also, when testing [1600, 3600]
ms time interval, no significant differences were seen in pupil response between the two

block types (t(4)=-0,385, p=0,720). However, a significant averaged decrease of
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0,1774+0,0639 mm in pupil response was seen as an effect of the TMS pulse for the time
laying in [3600, 5600] ms (t(4)=2,778, p<0.05).

Finally, testing the time window correspondent to the final stage of block
duration ([5600, 8000] ms), pupil variation changes between the two types of blocks did
not reveal an effect of the magnetic pulse in pupil response (t(4)=-1,014, p=0.368).
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Figure 3. 21 - Pupil diameter fluctuations for Condition 2. Dark-green represents pupil size fluctuations

recorded during TMSpeay blocks and light-green represents pupil size fluctuations recorded during NO

TMS blocks. Averaged data for all 5 subjects (n=5) shown from [-200, 8000] ms, where the origin point
corresponds to the moment of the cue offset. Shaded regions represent the mean + 1 SE.

A more interesting result was found for the passive condition. Based on what
the previous results showed, it would be expected an approximately stable pupil
response in the entire block duration; however, pupil fluctuations during block

performance were also altered by the magnetic pulse (Figure 3.22).
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Figure 3. 22 - Pupil diameter fluctuations for the Passive-viewing condition. Dark-green represents pupil
size fluctuations recorded during TMSpeay blocks and light-green represents pupil size fluctuations
recorded during NO TMS blocks. Averaged data for all 5 subjects (n=5) shown from [-200, 8000] ms, where
the origin point corresponds to the moment of the cue offset. Shaded regions represent the mean + 1 SE.

No significant effect was seen during the time window [1300, 1600] ms (t(4)=-
0,848, p=0.444), matching the moment in which the magnetic pulse was given. However,
when considering [1600, 3600] ms time window, which lies in the period of time after the
TMS pulse was delivered, a significant increase of 0,1153+0,0426 mm in pupil fluctuations
was recorded (t(4)=-2,705, p<0.05). In fact, in TMSpeiay blocks, pupillary response reaches
its peak of 0,206 mm during the considered interval, around 2750 ms after the
preparatory cue offset. Contrarily, as earlier referred, for blocks without TMS pulse, pupil
response in the passive-viewing condition did not vary significantly during the entire
block duration.

In the latter part of the block duration no significant differences were seen in
the pupil response between the two block types ([3600, 5600] ms: t(4)=-0,792, p=0.473;
[5600, 8000] ms: t(4)=-0,613, p=0.573).
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Overall, pupil size variation revealed greater changes in pupil response
magnitude in TMSpeay blocks. Interestingly, these effects of TMS were not in the same
course for the three conditions: C1, C2 and passive-viewing.

For C1 and C2, an effect of the magnetic pulse in pupillary response was seen
in the later part of the block duration; however, for the passive-viewing condition, this
effect was seen earlier in the block. In these intervals in which the magnetic pulse had an
effect, in the less complex active condition, C1, and in the passive-viewing condition, TMS
pulse caused an increase in pupil response, which appears to be in accordance with
earlier studies [179], where TMS pulse at suprathreshold level applied over the motor
cortex resulted in higher pupillary dilation. This increase in pupil size is suspected to be a
consequence of an arousal reaction caused by the acoustic artefact of the coil discharge.

However, for the more complex active condition, C2, the effect of the
magnetic pulse was the opposite. In C2, after the TMS pulse was delivered, a significant
decrease of pupil size was recorded.

These differences in effects caused by the TMS pulse may also be justified by
the decision complexity. C2 is the more complex condition and, as showed previously,
elicits greater variations in pupil size, when compared to less complex conditions.

Considering the correlation seen between CS excitability and pupillary
response, a greater pupil dilation observed for the more complex condition, C2, may
indicate a higher motor cortical excitability in this condition blocks. On the contrary, for
the remaining conditions passive-viewing and C1, less complex, in which pupil size
increases less than in C2 blocks, the motor cortex will be less excited. Therefore, when
delivering the TMS pulse, it will be easier to cause an excitatory effect in less excitable
cortical regions than in more excitable ones. The threshold to elicit an excitatory effect in
less excitable cortical regions would consequently be lower than when cortical regions
are more excited. This excitatory effect is reflected in larger pupil sizes.

In fact, the state of the stimulated cortex has a marked influence on the effect
of TMS. An early model of the responsiveness of a single spinal motor neuron [180]
showed that cortical areas having a highly active BOLD response during a particular task
might actually be less responsive to TMS inputs. However, future work is required to

explore this hypothesis.
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Independently of the effect caused by the magnetic pulse, in all three
conditions a pupillary response to the TMS pulse was observed overlapped with the task-
response. This was evident as a peak (local maximum) around 2500 ms after the cue offset
followed by a decrease in pupil fluctuations starting approximately 2700 ms after the cue
offset. The timing of the peak was around 1000 ms after the TMS pulse delivery. After this
moment, pupil response seemed to return to its baseline values, either by stabilizing (in
passive-viewing condition) or continuing to increase until the block was ended (in C1 and
C2 conditions). This sudden decrease and consequent return to baseline values appear
to be a consequence of the end of the transient magnetic pulse effect in the stimulated

cortical region.

Therefore, in order to investigate whether this effect was a consequence of
the TMS pulse, and since two different timings for pulse delivery were tested, the pupil
size along blocks with the TMS pulse delivered 100 ms before the Cue presentation

(TMSgaseune blocks) was also analyzed (Figure 3.23).
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Figure 3. 23 - Pupil diameter fluctuations for condition 1 (A), condition 2 (B) and passive-viewing (C) in the
three types of blocks. Dark-green represents pupil size fluctuations recorded during TMSpeay blocks, light-
green represents pupil size fluctuations recorded during NO TMS blocks and light-blue represents pupil
size fluctuations recorded during TMSgaseuine blocks. Averaged data for all 5 subjects (n=5) shown from [-
200, 8000] ms, where the origin point corresponds to the moment of the cue offset. Shaded regions
represent the mean + 1 SE.

In accordance to the earlier results from TMSpeay blocks, also in TMSgaseune
blocks, a suddenly decrease in pupil response is seen for C1 and C2 starting around 1300
ms after cue offset, which is correspondent to an interval time of 1600 ms after the
magnetic pulse delivery. After this decrease reached its lowest point, happening around
the 2" stimulus presentation, pupil size changes started to ramp up again until the end
of the block. In fact, a previous study investigating the effect of TMS on pupil response
reported that when stimulation was made over the motor cortex using a suprathreshold

pulse, pupil dilation was significantly increased [180]. Furthermore, the authors reported
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that the maximal dilation was observed approximately 1,5 s after the TMS pulse, which is
in accordance with the present data.

Overall, in both TMSgaseune and TMSpriay blocks, the pulse appears to have
caused an increase in pupil dilation for all the three conditions in time intervals close to
the pulse timing. However, this increase in pupil response appeared to be transient and
this increased effect in pupillary response showed to be diluted.

Another interesting finding from the previous results is related to the pupil
response for the passive-viewing condition in TMSpeav blocks. Although no motor
response was required in this condition and, therefore, it would be expected a stable and
approximate constancy in pupil size along the entire block, the pulse given in these
blocks resulted in a different pupil response.

In TMSpeiay blocks, the pupil variations for the passive condition increased
rapidly after the magnetic pulse was given until around 2400ms after the pulse timing
and then started to decrease until baseline values. The timing for the start of this decrease
appears to be coincident with the time of the onset of the decrease in pupil fluctuations
also observed for C1 and C2 conditions. This curve-shaped response for the passive
condition seems to, in a certain way, mimic the effect of the induced-current generated
by the TMS pulse in the stimulated cortical region. In fact, the duration of this response
(~6000m:s) is in accordance with the suggested inter-pulse interval when using TMS
technique (5-6 s). This interval is proposed in order to allow cortical regions that are being
stimulated to recover from the magnetic stimulation and prevent cumulative effects of
the pulses given [181], therefore allowing the stimulated regions to return to basal values
of excitability and preventing recorded values of being influenced by the induced-
current elicited by the TMS pulse. Thus, the magnetic pulse applied on the passive-
viewing condition, in which motor cortex excitability should remain approximately
stable, appears to reflect the transient CS excitability in the stimulated motocortical
region elicited by the TMS pulse.

Considering the pupil response in TMSpeav blocks in the passive condition a
reflection of the magnetic pulse effect in pupillary variations, the pupil fluctuations
recorded for this condition were subtracted from C1 and C2 for the entire block duration

in order to obtain the real pupillary response minus the TMS pulse effect (Figure 3.24).
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Figure 3. 24 - Pupil diameter fluctuations for the two active conditions during TMSpe av blocks, minus the
TMS pulse effect: C1 (yellow trace) and C2 (red trace). Averaged data for all 5 subjects (n=5) shown from [-
200, 8000] ms, where the origin point corresponds to the moment of the cue offset. C1: M=0,1781mm,
SE=0,0569mm; C2: M=0,2287mm, SE=0,0685mm. Shaded regions represent the mean + 1 SE.

In fact, when subtracting the pupil response for the passive condition in the
TMSpear blocks, pupil fluctuations for C1 and C2 were more resembling with the pupil
response recorded for the NO TMS blocks, in which no TMS pulse was delivered.

In order to verify the resemblance between the response obtained from the
subtraction of the pulse effect and the pupil fluctuations recorded in blocks in which no
actually TMS pulse was delivered, a paired t-test was carried out. Although the pupil
response appears to have suffered a slight delay, t-tests revealed no significant
differences between the two responses for all the time windows tested ([1300, 1600] ms:
t(4)=0,261, p=0.807; [1600, 3600]: t(4)=1,396, p=0.235; [3600, 5600] ms: t(4)=1,729,
p=0.159; [5600, 8000] ms: t(4)=-2,003, p=0.060) (Figure 3.25).
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Figure 3. 25 - Pupil diameter fluctuations for condition 1 for the NO blocks (light green) and for TMSpeiay
blocks (grey) where the TMS pulse effect has been subtracted. Averaged data for all 5 subjects (n=5)
shown from [-200, 8000] ms, where the origin point corresponds to the moment of the cue offset. Shaded

regions represent the mean + 1 SE. Green: M=0,1863mm, SE=0,0461mm; Grey: M=0,1781mm,

SE=0,0569mm.

For condition 2, pupillary response behaved similarly and paired t-tests did

not also reveal significance ([1300, 1600] ms: t(4)=0,737, p=0.502; [1600, 3600] ms:
t(4)=2,286, p=0.084; [3600, 5600] ms: t(4)=2,912, p=0.107; [5600, 8000] ms: t(4)=-0,733,

p=0.504) (Figure 3.26).
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Figure 3. 26 - Pupil diameter fluctuations for condition 2 for the NO blocks (light green) and for TMSpeiay
blocks (grey) where the TMS pulse effect has been subtracted. Averaged data for all 5 subjects (n=5)
shown from [-200, 8000] ms, where the origin point corresponds to the moment of the cue offset. Shaded
regions represent the mean + 1 SE. Green: M=0,3037mm, SE=0,0654mm; Grey: M=0,2287mm,
SE=0,0685mm.

By subtracting the TMS effect in pupillary response, for both conditions it was
still possible to see a brief delay in fluctuations, which implies other cause than the
magnetic pulse. However, when subtracting this effect and comparing with blocks in
which no pulse was present, no significant differences were seen for the complete block
duration for both C1 and C2. This result may, therefore, imply that the response seen for
the passive-viewing condition may indeed reflect the transient effect of the induced-

current in the stimulated M1 region.

In summary, the previous results allowed confirming higher pupillary dilation
when a condition involves a more complex decision, which, according to the correlation
seen between MEPs amplitude and pupil response, appears to reflect higher CS

excitability for this condition. Also, pupil response appears not only to be modulated by
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decision complexity level but also by subject’s engagement in the task. Finally, taking into
account the overall delayed and increased effect on pupil size as a consequence of the
magnetic pulse applied in TMS, in future studies where pupillometry data is recorded and
TMS technique is used, pupil data of blocks in which TMS pulse is delivered may not be a
reliable indicator of the effect of task parameters on pupil size since the TMS pulse itself

affects pupil dilation.

3.3.Preliminary study - fMRI acquisition

Since the present study’s goal was to investigate the role of NE in the
modulation of motor cortical excitability states, a first, preliminary, functional magnetic
resonance imaging (fMRI) acquisition was carried out during task performance. The use
of fMRI would allow for a more direct measure of locus coeruleus activation in comparison
with pupil dilation.

One healthy young subject (N=1) performed the original task while fMRI
images were acquired. The keyboard was replaced by 2 response boxes.

Image data was processed using BrainVoyager QX (v. 2.8) and the results are
shown in Figure 3.27. Locus coeruleus is the largest nucleus of norepinephrine neurons
in the brain and it projects to all cortical regions which can result in both excitatory effects
mainly via the activation of f-adrenoreceptors and inhibitory effects via the stimulation
of a-adrenoreceptors [121]. Variations of cortical excitability are directly related to LC
activity [125, 126, 127]. Therefore, LC was one of the cortical regions that was expected
to be activated during task performance. However, this was not the case, which in part
may be due to the reduced number of trials acquired and number of subjects (N=1).

Nevertheless, other cortical regions related to motor behavior were activated.
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A)

p(Bonf) < 1.000

FDR) < 0.050
B) q(FDR) <

-8.00 W=
=]

p(Bonf) < 1.000

Figure 3. 27 - Cortical activations during task performance. A) Cortical regions activated during
performance for Condition1 (C1). Activation of supplementary motor cortex (SMA) (1) can be seen.
Bonferroni corrected (p<0.0005). Coordinates (x,y,z): 88,116,76; B) Cortical activations during performance
for Condition2 (C2). Higher activations can be seen in SMA (1) and premotor cortex (2). Bonferroni
corrected (p<0.0005). Coordinates (x,y,z): 88,116,76; COR: coronary; TRA: transversal; A: anterior; P:
posterior; R: right; L: left.

Activation of supplementary motor area was seen for both conditions 1 and 2
(1), but a greater activation was reported for C2 (p<0.0005 Bonferroni corrected). SMA, a
motor area well-reported to be involved in motor learning, movement preparation and
initiation [182], projects indirectly to LC through the dorsal prefrontal cortex.

Also, a dorsal premotor cortex activation was also seen for C2 (2). According
to Cisek’ ‘affordance competition’ hypothesis, this region is activated during decision
making [91] in the motor preparation interval. Therefore, it seems accurate that this
activation was higher for C2 condition, the condition involving a more complex decision,
in which subject had to decide which arrow to press after stimuli presentation.

Overall, a greater motocortical activation was seen for C2 blocks, which
corresponded to the condition involving a more complex decision. However, these

findings need further confirmation using a higher sample size.
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4. CHAPTERIV. CONCLUSIONS

During motor tasks, motor cortex excitability has been well-described to
be modulated by several factors as the timing of the motor response process [94],
whether the response is produced by a dominant or non-dominant muscle [183] and also
by the response complexity [107]. However, a role of decision complexity itself has not
yet been investigated.

Our analysis of pupillometry data showed that the pupil response is
differentially modulated depending on the task-related decision complexity level. Also,
more importantly, our results suggest that pupil response fluctuations are related with
the CS excitability probed by MEPs p-t-p amplitude. However, this result should be
interpreted carefully given the small sample size and the between-subject variability in
the results. This is the first study connecting pupillary response and CS excitability and
appears to confirm the proposed hypothesis of pupil response as an indicator of motor
cortex excitability. Thus, greater pupil size variations are related to higher excitability
levels of the CS tract during motor preparation.

In contrast to the initial expectations, the results have showed that, when
comparing to a passive-viewing, conditions requiring active motor responses are
associated with greater CS excitability facilitation during the motor preparation period.
In fact, after the cue is presented and subject becomes aware of the type of the
forthcoming condition, CS excitability is differently modulated, suggesting a differently
preparation according with the condition being an active or passive task.

Recent TMS research studies have reported several evidences of CS inhibition
during the motor preparation interval. This motor inhibition, generally referred to as
preparatory inhibition, seems to have a role in the withholding of automatic or
inappropriate responses and in order to favor the wining selected-response [68, 911.
Accordingly, it would also be expected to find in our data an inhibition of motor CS

excitability. The present results of CS excitability level during the delay period seem
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contrary to this general finding. Nevertheless, the timing chosen for the delivery of the
magnetic pulse must be considered when interpreting these results.

Studies using RT paradigms have previously reported suppression of the
corticospinal tract in both task relevant and irrelevant muscles immediately before the
imperative signal [68, 94, 96, 97]. This suppressive global process appears to be
dependent on the delay period [184]. In the present study, the magnetic pulse was
randomly applied 100-500 ms before the imperative signal (1%t stimulus). This
randomness did not allow to specify an early or late timing in the delay period for the
pulse delivery. In fact, considering all TMSpeay blocks for the 5 subjects, the interval
between pulse delivery and the imperative signal was on average 315,59+18,28 ms.
Therefore, the mean CS excitability during the delay period was assessed 315,59 ms
before the 1 stimulus presentation. CS suppression effects in the delay period assessed
during instructed-delay CRT paradigms have, contrarily, used shorter interval times
between TMS pulse and the presentation of the imperative signal (50 or 100 ms) [68, 94,
96]. Indeed, authors reported that this wide inhibition in CS pathways is stronger when
probed at the end of the delay period [185]. Thus, although the present study failed to
assess CS excitability in a late phase, the CS facilitation for conditions C1 and C2 seen in
our results probed during the delay period, considering that CS was assessed 315 ms
before the 1% stimulus, which may be considered a still early phase in the delay period,
may be justified by the timing of the pulse delivery .Thus, this facilitation seen is, in fact,
consistent with the excitability levels probed in early phases of the motor preparation
period, showed by previous studies [68, 94, 96, 97, 185]. In future work, different timings
of the pulse delivery should be tested in order to investigate the modulation of CS by
decision complexity during different stages of the delay period.

Overall, the present results revealed a modulation effect of task engagement
in both pupil response and the excitability levels of motor corticospinal tract. However,
probably due to the small sample size, decision complexity as cognitive factor was only

showed to have a modulatory effect, in the delay period, in pupil response.
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Future Work

In this study, we were able to setup a complex task where behaviour, pupil
diameter and motocortical excitability were measured simultaneously. Considering this
to be the first study to use this setup, many features could be explored in future work,
allowing a better understanding of the results here presented. As referred along the
discussion, a greater sample size would overcome the statistical limitations seen for
important correlations analysis regarding RT and accuracy and, more importantly,
pupillary response and MEPs amplitudes. Due to the small numbers of participants
included, interpretations were done with caution and a further confirmation is needed.

Furthermore, the assessment of CS excitability at different time points along
the motor preparation interval, could allow a finer understanding of the corticomotor
excitability processes during movement preparation. Specifically, the magnetic pulse
delivery immediately before the imperative signal would perhaps elucidate cortical
motor inhibition process in the delay period, widely described in earlier studies. It is
possible that these preparatory processes only occur at the end of the preparation period
and therefore were missed in the current study where the pulse was delivered around
315 ms before the imperative stimulus.

Since the present task paradigm involved unimanual movements of the left
or right hand and only left M1 was stimulated, further investigations involving both left
and right M1 stimulations and also a more homogeneous sample including also left-
handers could allow perceiving hemispheric contributions to neuronal excitability
modulations. This would allow us to study if modulation of motor cortical excitability
occurred globally or only in task relevant muscles.

Furthermore, considering the crucial role of the LC-NE system in CS
excitability modulation, studies using brain imaging techniques, as fMRI, would allow
relating LC's BOLD signal with motor cortical activation.

Finally, the correlation found between MEPs amplitudes and pupillary
response, if further confirmed, would give rise to a breakthrough in the indirect
assessment of corticomotor excitability modulation. Considering that MEPs amplitude

have been used as a marker for corticomotor impairment [69, 70, 71], this result
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confirmation could allow pupillary response to become an auxiliary diagnostic tool in

motor system-related disorders.
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5. APPENDIX A

Luminance Measures

All visual stimuli luminance levels were measured with a PR-650 Spectra-Scan
Colorimeter (Photo Research, Inc., Chatsworth, CA).

Table A. 1| Luminance measures of visual stimuli used in the task.

Light source Luminance (candela per square metre)
Passive-viewing cue 23.7
C1 cue 24.2
C2 cue 24.3
Passive-viewing stimulus 24.0
Left arrow stimulus 24.2
Right arrow stimulus 241
Feedback correct 22.6
Feedback incorrect 22.5
Fixation cross 22.5
Background 23.1
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6. APPENDIXB

In order to investigate whether the TMS coil moved overtime from the initial
optimal position and, in the affirmative case, if this movement would affect the MEPs p-
t-p amplitudes during task performance, a preliminary study was carried out in Part Il

One participant, male, aged 22 years old was tested. The visual task used in
Part Il was divided into 8 runs of 5 minutes duration each. At the beginning of the task,
after the optimal site for stimulation was found, a spot perpendicular to the coil center
was drawn with a felt-tip. At the end of each run, an inspection of the alignment of the
coil center was made. No significant movement from the optimal site of stimulation
neither an effect on MEPs amplitudes were seen throughout the entire task.

Behavioral, pupillometry and CS excitability results are shown below.

Reaction Time Analysis
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Figure B. 1 - Reaction times for the two active conditions: less difficulty condition (C1) and more difficulty
condition (C2) in TMSpeay (dark grey) and NO TMS (light grey) blocks. NO TMS blocks: C1: M=321,18ms,
SE=12,12ms; C2: 417,80 ms; SE=15,14 ms. TMSpe.ay blocks: C1: M=331,35 ms, SE=18,32 ms; C2: M=428,24
ms, SE=22,44 ms. Error bars represent standard errors.
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CS Excitability Analysis

140 -

MEPs P-T-P amplitude (% MEP Baseline)
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Conditions

Figure B. 2 - Amplitudes percentage for the three conditions (C1, C2 and Passive-viewing) during the
delay period relative to the averaged MEP Baseline value. C1: M=119,76%, SE= 9,5%; C2: M=120,82%,
SE=10,94%; Passive-viewing: M=98,80%, SE=7,09%. Error bars represent standard errors.
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Pupillometry data Analysis
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Figure B. 3 - Pupil diameter fluctuations for all three conditions during NO TMS blocks: Passive-viewing
(blue trace), C1 (yellow trace) and C2 (red trace). Data is shown from [-200, 8000] ms, where the origin
point corresponds to the moment of the cue offset. Time intervals in grey columns correspond to the

interval time in which the according stimulus appeared. Shaded regions represent the mean = 1 SE. C1:

M=0,027mm, SE=0,058mm; C2: M=0,1745mm, SE=0,0527mm; Passive-viewing: M=0,0120mm,
SE=0,0823mm.
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Figure B.4 - Pupil diameter fluctuations for all three conditions during TMSDELAY blocks: passive-viewing
(blue trace), C1 (yellow trace) and C2 (red trace) conditions. Data is shown from [-200, 8000] ms, where the
origin point corresponds to the moment of the cue offset. Time intervals in grey columns correspond to
the interval time in which the according stimulus appeared. Shaded regions represent the mean = 1 SE.
C1: M=0,1899mm, SE=0,0376mm; C2: M=0,1933mm, SE=0,0644mm; Passive-viewing: M=-0,0203mm,
SE=0,0659mm.
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