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Chapter 1

General introduction

involve movement, from simple tasks like grasping objects to

more complex actions such as writing or playing a musical in-
strument. However, for some individuals, these interactions are com-
plicated by a persistent tremor. Essential Tremor (ET) manifests pre-
dominantly as a tremor during voluntary movements, significantly im-
pacting routine tasks like inserting a key into a door lock, preparing
meals, or buttoning clothes. Despite the considerable advancements
in understanding neurological disorders made in the last few years, ET
origin remains poorly understood. This thesis aims to contribute to this
understanding by exploring potential mechanisms underlying tremor
genesis in ET.

In this introductory chapter, we will first provide an overview of
Essential Tremor, its clinical manifestations and prevalent hypothesis
regarding its pathophysiology. We will then discuss cerebellar deficits,
circuits and functions considering the pivotal role of cerebellum in mo-
tor control and its implication in ET pathology. Subsequently, we will
explore computational models of motor control, examining how theo-
retical frameworks can inform our understanding of tremor generation
in ET. Finally, we will outline the goals of this thesis and provide a pre-
sentation of the subsequent chapters.

ON a daily basis, our interactions with our environment often

1.1 Whatis Essential Tremor ?

Essential Tremor (ET) is among the most common movement disorder
in adults. It is a neurological disease with as main hallmark an action
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FIGURE 1.1: Spiral drawn by two exemplar ET participants as part of the
Fahn-Tolosa-Marin Tremor Rating Scale assessment (Fahn et al., 1993).

tremor of the upper limbs. The tremor being mainly present during
movements as illustrated on Figure 1.1

1.1.1 Clinical manifestations

Essential Tremor is one of the most frequent neurological disorders, af-
fecting around 0.9% of the general population (Louis & Ferreira, 2010).
The prevalence increases with age, affecting 4.8% of adults above 65
years old (Benito-Leén et al., 2003) and more than 20% of people above
95 years old (Louis & Ferreira, 2010). In 50% of the cases, these patients
had a familial history of ET (Shanker, 2019). The onset of the disease
has a bimodal distribution and can be divided into young onset vs. old
onset. The young onset cases are usually observed in patients with a
familial history of ET while old onset is usually associated with a faster
disease progression (Pan & Kuo, 2022)

The main motor manifestation of ET is upper limb tremor with a
frequency usually ranging from 4 to 12 Hz (Clark & Louis, 2018). The
tremor commonly manifests as a postural tremor, occurring when sus-
taining a posture against gravity, and as an action tremor, with the
tremor worsening during movement or during highly skilled tasks like
writing (Gruol et al., 2016). The amplitude of the action tremor is of-
ten more important than postural tremor (Shanker, 2019). This tremor
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evolves usually symmetrically affecting both hands similarly. With dis-
ease progression, the tremor tends to spread beyond the arms affecting
the head, the tongue, the voice, the trunk or even lower limbs (Clark &
Louis, 2018).

In opposition with physiological tremor, which has a peripheral ori-
gin, ET frequency is independent of loading (Elble, 2003; Elble et al.,
1994). This property suggests that ET does not originate from periph-
eral origin but would rather originate from the central nervous system
(Pan & Kuo, 2022). Tremor frequency tends to decrease with age, with a
frequency of 0.12 Hz/Year, having the consequence to increase oscilla-
tions amplitude due to the low pass filtering properties of muscles and
limbs (Hellwig et al., 2009).

ET symptoms are not limited to motor symptoms even if those are
the most frequently studied and documented. Studies reported mild
cognitive disorders (Louis et al., 2019), impairments in executive func-
tions - responsible for controlling and sequencing multiple cognitive
operations - (Bermejo-Pareja & Puertas-Martin, 2012) as well as in-
creased levels of anxiety and depression in this population (Clark &
Louis, 2018). These non-motor symptoms lead to the definition of ET
plus, for patients having a tremor with the characteristics of ET cou-
pled with additional neurological symptoms (Shanker, 2019). Due to
the reported presence of etiological, clinical and pathological hetero-
geneity, there is a growing support for the notion of ET being a family
of disorders (Louis, 2021).

The first-line treatments for tremor reduction in ET are B-Blockers
(propranolol) and anticonvulsants (primidone) (Gruol et al., 2016).
However, their efficacy is limited: only half of the patients have a sig-
nificant reduction of the tremor, the treatment is therefore often discon-
tinued (Shanker, 2019). Surgical interventions also exist for the most
heavily affected patients with a pharmacologically refractory tremor.
These interventions include deep brain stimulation (DBS) of the VIM
or lesional surgeries such as radiofrequency or gamma-knife thalam-
otomy (Sharma & Pandey, 2020). If these surgeries can be efficient to
alleviate tremor for these patients, a subset experience "habituation"
with a gradual return of the tremor in the years following the surgery
(Pan & Kuo, 2022).
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1.1.2 Pathophysiology

The pathophysiology of essential tremor remains only partially under-
stood. Numerous clinical studies pointed towards cerebellum and the
cerebellar system as a seat of the disease. The cerebellar origin is sup-
ported by numerous imaging studies (Holtbernd & Shah, 2021), as well
as clinical observations and electrophysiological (EMG, EEG, TMS) ex-
periments (Cerasa & Quattrone, 2016; Pan & Kuo, 2022). These aspects
will be discussed in more detail in the future chapters with a specific
focus on imaging studies in Chapter 4.

Postmortem studies reported alterations of Purkinje cells: modest
loss of Purkinje cells, swelling of their axons (torpedoes) and displace-
ment of the Purkinje cells bodies away from the Purkinje cell layer
(Cerasa & Quattrone, 2016; Louis et al., 2007). These changes are typ-
ically associated to cerebellar damages. In addition, surrounding neu-
ronal populations also presented alterations: basket cells developed
denser and more elongated plexus around Purkinje cells and abnormal
synaptic connections with the Purkinje cells were made by the climb-
ing fibers in the parallel fiber synaptic layer. In addition, climbing fibers
formed lateral crossing which innervated multiple Purkinje cells. These
climbing fiber extensions appears to be a change specific to ET as it is
not reported in other cerebellar disorders. Because climbing fibers orig-
inates from the inferior olive, and because of the intrinsic oscillatory ac-
tivity of the inferior olive, this modification might influence the activity
of the Purkinje cells leading to tremor.

In their review Pan and Kuo described the 4 potential non-mutually
exclusive hypotheses for ET origin: pB-carboline alkaloid exposures,
cerebellar GABA deficiency, GluRd2-dependent climbing fiber synaptic
pathology and extra-cerebellar oscillatory activity (Pan & Kuo, 2022).
These hypotheses are represented in Figure 1.2.

B-carboline alkaoid exposures and related tremor

Essential Tremor might be caused by several environmental factors.
One of them is the exposition to B-carboline alkaloid, found in high con-
centrations in meat. Higher levels of Harmane, one of the B-carboline
alkaloid, was found in ET patients blood as well as in ET cerebellum
in postmortem studies. Harmaline, another B-carboline alkaloid, is
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FIGURE 1.2: Summary of ET pathophysiology hypotheses. (A) Climbing
fiber overgrowth and hyperinnervation. Reduction of GluRé2 protein in
the Purkinje cells causes climbing fiber synaptic pruning deficits, which
lead to hypersynchrony and excessive oscillations in Purkinje cells. (B) In-
creased inferior olive automaticity and synchrony. B-carboline alkaloids,
such as harmaline, lead to increased inferior olive synchrony via gap junc-
tions. (C & D) GABA dysregulation. GABA receptor knockout in Purkinje
cells and reduced GABA receptors in the deep cerebellar nucleus can lead
to abnormal oscillations in the circuitry. DCN: deep cerebellar nuclei; 10:
inferior olive; PC: Purkinje cell. Adapted from (Pan & Kuo, 2022).
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known to induce action tremor in animals. Interestingly, the symptoms
induced by harmaline can be reduced using propranolol, primidone or
alcohol, which is known to reduce tremor in about 50% of ET patients.

The tremor could be explained by the enhancement of the auto-
maticity and synchrony in the inferior olivary neurons caused by the
exposition to harmaline. The neurons from the inferior olive projects to
cerebellum as climbing fibers innervating Purkinje cells. The activity of
these neurons is synchronized by gap junctions, themselves controlled
by GABAergic inputs from the deep cerebellar nuclei. Resulting in a
closed loop control within the olivo-cerebellar cortex-deep cerebellar
nuclei pathway.

Cerebellar GABA deficiency

The therapeutic effects of the GABAergic medication and alcohol in-
take in ET supported the hypothesis that tremor generation involves
GABA-mediated mechanisms. These elements points towards an in-
sufficient GABA neurotransmission in ET. This dysfunction has been
suggested to originate from 3 elements within the cerebellar circuit: the
deep cerebellar nuclei, the cerebellar cortex and the inferior olive.

* Deep cerebellar nuclei: The reported loss of Purkinje cells asso-
ciated with their GABAergic function might explain an insuffi-
cient GABAergic neurotransmission to the deep cerebellar nuclei.
A postmortem study documented reduced levels of GABA 4 and
GABAp receptors in the deep cerebellar nuclei, probably predict-
ing less responsiveness to GABAergic agents (Paris-Robidas et al.,
2012). A modeling study also showed that a progressive loss of
GABA 4 a1 receptors leads to the emergence of oscillations (X.
Zhang & Santaniello, 2019).

¢ Cerebellar cortex: Purkinje cells, comprising the cerebellar cortex,
have a pacemaking activity. This activity is regulated by GABAer-
gic neurotransmission from different interneurons, including stel-
late cells and basket cells. The alterations of the basket cells re-
ported from postmortem studies could explain the GABAergic
modifications potentially altering the firing pattern.
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¢ Inferior olive: GABAergic activity from the deep cerebellar nu-
clei regulates the synchronicity of the neural firing in the inferior
olive. A dysfunction could affect the spike timing and frequency
of the Purkijne cells due to their connections via the climbing
fibers.

GluRé2-dependent climbing fiber synaptic pathology and cerebellar
oscillations

One of the most distinguishable patterns observed in postmortem stud-
ies is the extension of the climbing fibers into the parallel fiber synap-
tic territory. The parallel and climbing fibers synapses are organized
and regulated by GluRé2. Reduced levels of this protein was observed
in ET and correlated with climbing fibers synaptic pathology. Mutant
mice with this pathology developed a progressive and action depen-
dent tremor which is sensitive to ET medication. The tremor could
be explained by this overgrowth of the climbing fibers: an hyperin-
nervation between the climbing fibers and the Purkinje cells synapses
leads to an hypersynchronicity and excessive oscillations in the Purk-
inje cells.

Extra-cerebellar oscillatory activity

All the above hypotheses focused on a cerebellar origin. Other hy-
potheses suggested oscillators outside of the cerebellum, most often
the thalamus or the motor cortex. For example, single neuron record-
ing of the thalamus correlated with tremor or multiple oscillators are
suspected to interact creating tremor outside of the cerebellum. So far,
no convincing animal model showed evidence that oscillatory activity
in these regions can drive a tremor nor postmortem studies supported
this hypothesis.

1.2 Cerebellum: deficits, circuits and function

Numerous indicators suggest a potential link between cerebellum and
ET. Therefore, gaining insights into the function, structure, connections
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and typical disorders associated with cerebellum becomes essential to
study the mechanisms underlying ET.

1.2.1 Cerebellar deficits

As summarized by Diedrichsen and Bastian in (Diedrichsen & Bastian,
2014), cerebellar damages are observed in patients with neurological
diseases, tumors, strokes and malformations. One of the most obvious
deficits associated with cerebellar damage is ataxia, characterized by a
loss of motor coordination. These patients often exhibit ataxic reach-
ing movements, movements that are notably more curved and variable
from trial to trial compared to neurologically intact individuals. The
increased variability may stem from an inability to account for com-
plex limb mechanics as it is often worsened when the movement re-
quires the coordination of several body parts simultaneously (Bastian
et al., 1996). Additionally, individuals with cerebellar disorders often
experience dysmetria, characterized by an imprecise control over the
distance, speed and range of the movements. This can lead to over-
shooting or undershooting of targets, resulting in observable oscilla-
tions during movements. These difficulties may arise from suboptimal
use of delayed sensory feedback as oscillations are sometimes reduced
when closing eyes. Other symptoms are walking ataxia, irregular gait
patterns and balance difficulties. Occulomotor deficits, such as dys-
metria of eye movements, nystagmus - involuntary eye movements
caused by a slow drift followed by fast resetting phases- as well as ab-
normal gains of the vestibulo-ocular reflex are also common (Diedrich-
sen & Bastian, 2014). Additionally, cerebellar deficits can affect speech,
leading to dysarthria, as speaking requires coordinated movements of
the lips, tongue and palate (Gordon, 1996).

Cerebellum also plays a role in cognition, although these impair-
ments are less thoroughly documented and comprehended. Functional
MRI studies have shown that cerebellum is activated during cognitive
tasks. In patients with cerebellar disorders, cognitive deficits have been
reported in tests involving language, executive functions, emotions and
attention. However, there is a considerable variability in the reported
non-motor symptoms across studies (Carey, 2024).
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Understanding how cerebellar circuits implement these functions
and cerebellar connections with the rest of the brain is essential.

1.2.2 Cerebellar circuits

As summarized in the review by Carey, 2024, cerebellum consists of
a cortical sheet wrapped around the deep cerebellar nuclei (see Fig-
ure 1.3). The main inputs to the cerebellum are conveyed by the mossy
fibers, relaying information from the neocortex via the pontine nuclei as
well as from the brain stem and the spinal cord. Mossy fibers synapse
on granule cells, whose axons form parallel fibers. These parallel fibers
provide excitatory synapses onto Purkijne cells and various inhibitory
interneurons (stellate, basket and Golgi cells). Purkijne cells, in turn,
receive input from tens of thousands individual granule cells. Their ac-
tion potential trigger in the Purkijne cells traditional single spike action
potentials at a rate of 40-70 Hz.

Climbing fibers, originating from the inferior olive, constitute an-
other input to the cerebellum, although less abundant than mossy fibers
(with rates of 1-4Hz). Their action potential produce complex responses
composed of multiple spikelets. While mossy fibers are believed to
convey broad contextual signals encompassing sensory inputs, ongo-
ing movement and motor commands, climbing fibers are believed to
specialize in representing highly processed and temporally precise in-
formation about unexpected inputs.

Purkijne cells exert inhibitory control on the deep cerebellar nuclei,
the primary output of the cerebellum, which comprises three nuclei:
the dentate nucleus, the interposed nuclei and the fastigial nucleus.
The dentate nucleus receives inputs from the lateral hemispheres of the
cerebellar cortex and projects via the thalamus to premotor, prefrontal
and parietal neocortical regions. The interposed nucleus receives in-
puts from the intermediate cerebellar cortex and projects to the spinal
cord (via the red nucleus) as well as to the primary motor cortex via the
thalamus. Finally, the fastigial nucleus receives inputs from the mid-
line area of the cerebellar cortex (vermis) and projects to neocortical
and brainstem targets. These connections are summarized on Figure
14.
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Current Biology

FIGURE 1.3: The canonical cerebellar cortical circuit. Diagram depict-
ing the major layers and cell types of the cerebellum. Excitatory inputs
are conveyed by mossy fibers (MF) and climbing fibers (CF), which both
project to the cerebellar cortex and send collaterals to the cerebellar nuclei
(CN), which represent the major outputs of the cerebellum. More than
half the neurons in the vertebrate brain are cerebellar granule cells (gc),
which receive MF inputs and in turn project onto Purkinje cells and in-
hibitory interneurons (stellate cells, sc; basket cells, bc; Golgi cells, GoC)
via parallel fiber axons. Purkinje cells have planar dendrites elaborated
in the parasagittal plane and are the sole outputs of the cerebellar cortex,
projecting to the cerebellar nuclei. (Figure by Gil Costa from Carey, 2024)
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FIGURE 1.4: Modular cerebellar circuitry supports a vast array of inputs
and outputs for control of diverse brain functions. A coronal view of
the cerebellum and its major input (left) and output (right) pathways.
Inputs and outputs are labeled and illustrated on the left and right, re-
spectively. There is a broad medio-lateral functional organization, partic-
ularly in terms of outputs, delineated by the distinct projection patterns of
the cerebellar nuclei (labeled here as Medial/Fastigial, Med; Interposed,
Int; Lateral/Dentate, Lat. Additional output nuclei, including brainstem
vestibular nuclei and the parabrachial nucleus, are not shown). (Figure by
Rita Félix. From Carey, 2024)
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Given its highly homogeneous structure, cerebellum lacks clear par-
cellation based on cytoarchitectonic organization. In terms of motor
control, its representation likely constitutes more of a functional space
than body space, as the same body part can be represented multiple
times across cerebellum.

The primary efferent pathway is the dentothalamocortical tract,
while the main afferent pathway is the corticopontocerebellar tract.
Purkijne cells project to the deep cerebellar nuclei, with the dentate
nucleus serving as the main output. The dentothalamic tract projects
to the contralateral ventral lateral nucleus of the thalamus, which then
prjects to the primary motor cortex of the precentral gyrus. From the
motor corteX, projections are made to the pontine nuclei via the cortico-
pontine tract, terminating as mossy fibers and completing the loop of
this circuit. (Gould et al., 2016)

1.2.3 Cerebellar function in motor control, prediction & learn-
ing

One prevalent idea about cerebellum’s role in motor control is that
it serves as a predictive model (Miall et al., 1993; Wolpert, Miall, &
Kawato, 1998). Control theory has demonstrated that internal predic-
tions are crucial for maintaining stability in systems with motor and
sensory delays. To illustrate, when we aim to accomplish a task, we
generate a set of motor commands to send to the limbs based on an esti-
mate of the state (i.e., position, velocity, ...) as well as sensory feedback.
However, delayed-feedback control only cannot explain our ability to
make fast and accurate movements. The delay in the sensory feedback
makes it challenging to precisely adjust our movements in real time.
For instance, we may receive feedback that we are getting close to the
target, but due to the delay we would have difficulties to know exactly
when to stop to end up in the target. If the endpoint position is not
correct (overshoot or undershoot), we would have to correct with an-
other movement, which might also be imprecise, ... This would result
in dysmetria and oscillations in the movements (Diedrichsen & Bastian,
2014).

To avoid this limitation, in our closed loop control we can incorpo-
rate a predictive mechanism. By using a copy of the motor command
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sent to the limbs, we can predict the future state of the limbs. This pre-
diction is then integrated with the delayed sensory feedback, resulting
in an optimal estimate of the state. By relying on this estimate rather
than the delayed sensory feedback alone, we can mitigate the effects
of the delay and achieve smoother and more accurate control over our
movements.

Several studies provided evidence supporting the hypothesis of
cerebellum as a predictive model. Early support for this idea comes
from a study in which researchers cooled the dentate nucleus of mon-
keys while they were performing a postural perturbation task (Flament
et al., 1984). In this task, the monkeys had to maintain a robotic han-
dle still at a target and counteract unexpected perturbations. When a
perturbation was applied to the limb, the monkeys initially reacted to
the perturbation as pre-cooling. However, they exhibited oscillations
around the target due to a lack of precise control over the timing of ag-
onist and antagonist muscle activity, which is essential for stopping the
limb at the target. These findings suggest impaired prediction about
the consequences of corrective actions.

Predictions also play a crucial role in coordinating movements be-
tween multiple limbs or joints. For instance, when we move our elbow,
we need to actively stabilize the shoulder to counteract the torques
exerted on the shoulder by the elbow motion. Studies on cerebellar
patients have shown increased shoulder instabilities during voluntary
movements with high interaction torques, indicating their difficulty in
coordinating between multiple limbs (Bastian et al., 1996). This coordi-
nation between joints is already present in the fast feedback responses,
from 50 to 60 ms post perturbation. Cerebellar patients exhibited co-
ordinated feedback responses of a lower magnitude than healthy con-
trols, further highlighting their impairment in coordinating movements
across joints (Kurtzer et al., 2013).

Another illustrative task demonstrating the importance of predic-
tion is the waiter task. In this task, participants are required to balance
a tray with a load on top and are then instructed to remove the load
from the tray. To limit the consequences of load removal, participants
reduce their muscular activity in the load-bearing hand approximately
50 ms before the load is actually removed. This anticipatory adjustment
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is possible only if predictions are made about the ongoing action. How-
ever, if the load is removed by an external agent, participants are unable
to form a prediction, resulting in a small upward movement of the tray.
Studies involving cerebellar patients have revealed that their anticipa-
tory responses are poorly calibrated in size and timing (Diedrichsen et
al., 2005), further supporting the role of cerebellum in forming predic-
tions about the state.

Cerebellum also plays a crucial role in learning. Motor adaptation
occurs when repeated errors are observed during movements, lead-
ing to gradual adjustments in the motor commands aimed at reduc-
ing these errors. Consider a simple example such as throwing darts
at a target. If we introduce a visual perturbation using prism glasses,
which shifts participant’s vision, their initial throws following the in-
troduction of the perturbation will contain large errors, causing them
to miss the target (Figure 1.5 a). With trial repetition, movements will
gradually adapt to reduce the error. This adaptation process relies on
the internal models of body dynamics, which translate observed error
into desired changes in motor commands. When the perturbation is
removed, an after-effect is observed during which errors are produced
because movements were tuned to the perturbation before gradually
returning to the original calibration (Diedrichsen & Bastian, 2014).

An early study reported impaired adaptation among cerebellar pa-
tients in a task involving throwing clay balls at a target wearing prism
glasses. Despite repeated trials, individuals with focal cerebellar le-
sions failed to adapt to this new environment and upon removing the
perturbation, they exhibited no after-effect (Martin et al., 1996). Com-
parable findings emerged from a study on reaching movements in a
force field. Participants experienced a perturbation proportional to
their hand velocity through a robotic handle as illustrated on Figure
1.5 c. Cerebellar patients demonstrated impaired adaptation, with re-
duced after-effects following the removal of the perturbation (Figure
1.5 b, Smith and Shadmehr, 2005). Furthermore, impaired adaptation
in these patients extends beyond upper-limb movements, as evidenced
by a saccadic adaptation task. Participants experienced repeated jumps
of the visual target during the saccade, resulting in an end-point er-
ror. As illustrated on Figure 1.5 b, cerebellar patients only partially
adapted their motor commands in comparisons with healthy controls
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FIGURE 1.5: a, Traditional adaptation experiment in which a perturbation
suddenly occurs, leading to an exponential learning curve. Upon pertur-
bation removal, an aftereffect is observed. b, Deficit of cerebellar patients
in adapting to visual target jumps. The target jump (gray box) causes a
large endpoint error. Cerebellar patients adaptation is impaired in com-
parison with the control group. ¢, During a force-field reaching task, a
robotic device exerts a force perpendicular to the direction of movement.
After an initial error, the movement adapts, resuming a nearly straight tra-
jectory (gray line). When the force is suddenly removed, an aftereffect in
the opposite direction occurs. d, Deficit of cerebellar patients in adapting
to force fields. The force field is switch on (gray box), causing a large ini-
tial error. Healthy individuals show increasing after-effects on trials with
no force field, but patients with cerebellar degeneration do not. a,c, Fig-
ures adapted from Diedrichsen and Bastian, 2014. b, Figure adapted from
Xu-Wilson et al., 2009. d, Figure adapted by Diedrichsen and Bastian, 2014
from Smith and Shadmehr, 2005.
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(Xu-Wilson et al., 2009).

1.2.4 Links between cellular mechanisms & cerebellar learn-
ing

This adaptation mechanism aligns with the structure of cerebellum. In
this context, mossy fibers synapsing onto the parallel system could con-
vey information about the motor commands and the current state at a
high firing rate. While the climbing fibers could convey the error signal
via the complex spikes. These complex spikes in the Purkinje cells trig-
ger an influx of Ca++, inducing a long-term depression. As a result, for
the same input in the parallel fibers, we would observe a reduced firing
rate of simple spikes, leading to a decreased inhibition of the cerebellar
nuclei that might elicit adaptation (Carey, 2024; Diedrichsen & Bastian,
2014).

1.3 Models of movement control

Given the crucial role of cerebellum in movement control, focusing
on this topic can provide insights into the mechanisms underlying ET.
Models are valuable tools for understanding and predicting outcomes
of experiments related to movement control. In this section, we will ex-
plore various models proposed for reaching movements, we will briefly
discuss some of these models before delving into Optimal Feedback
Control, a framework central to this thesis.

1.3.1 Candidate models

As mentioned earlier, prediction and state estimation are essential for
skilled and precise movements. In these models, defining a controller
is also important as it influences the state of the system by sending con-
trol signals to the limbs. In this section, we discuss different candidate
models, which state variables are considered and how are the control
signals computed.
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Inverse models

Similar to forward models, which predicts the sensory consequences
from the efferent copy of motor commands, the central nervous system
might possess inverse models. These inverse models would convert de-
sired trajectories into motor commands (Kawato, 1999). The resulting
motor plan would then be executed in order to reach the desired goal.
Motor adaptation supports the hypothesis of an internal representation
of the system’s dynamics as evidenced by the observed reduction of the
initial error and recalibration of motor commands over time following
the introduction of a new environment or a perturbation. In this frame-
work, it could be implemented through adjustments of these inverse
models. When the perturbation is removed, an aftereffect occurs and
would be explained by the time needed by the central nervous system
to readapt the inverse model to the initial environment.

How are desired trajectories selected ? One suggestion is to opti-
mize movement smoothness, as proposed by the Minimum Jerk model
(Flash & Hogan, 1985). According to this model, trajectories are com-
puted to minimize the derivative of the acceleration of the movement.
This model is able to reproduce some classic features of movements,
such as bell shape velocity profile or smoothness of the movements.
However, this model fails to account for trial-to-trial variability.

An alternate model, the minimum-variance model, was proposed
to overcome this limitation (Harris & Wolpert, 1998). In this model,
trajectories are selected to minimize the end-point variance. Taking
into account a crucial property of the motor system that neural con-
trol signals are corrupted by signal dependent noise, meaning that the
variance of the noise increases with the control signal. If the noise was
independent of the signal, to minimize the noise of our movements and
therefore endpoint error, we would produce fastest movement as pos-
sible. However in this case, it would require large very high motor
commands leading to high noise. In this theory, the trajectory is not
only defined based on the kinematics, as in the minimum jerk model,
but is also defined based on the dynamics of the system. Trajectories
produced by this model are smooth, as rapid changes in the kinematics
would necessitate large controls signal, leading to high noise.

A common limitation of these models is their inability to explain
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online corrections observed during movements in response to pertur-
bations or changes in the environment. This limitation comes from to
the fact that these models assume that the motor plan can be computed
a priori from a trajectory and then processed independently, failing to
explain the feedback mechanisms observed in response to perturba-
tions.

Impedance control

To address the limitations of previous models, the impedance control
model (Gomi & Kawato, 1996, 1997) offers a promising alternative.
This model reproduces similar features to those described above and
additionally incorporates feedback mechanisms. This theory uses the
spring-like properties of the muscles to stabilize the body during motor
control by acting on the impedance. The limb impedance is character-
ized by 3 parameters: joint stiffness, damping, and inertia. Joint stiff-
ness determines how much resistance the limb offers to external forces,
damping reflects the limb’s ability to absorb energy in response to ex-
ternal forces, and inertia represents the limb’s resistance to changes in
its motion. In impedance control, the central nervous system would
dynamically modulate joint stiffness during movement if the limb devi-
ates from the preplanned trajectory, thereby limiting the effects of per-
turbations or noise on the limb trajectory.

However, this model has its limitations. It has been demonstrated
that impedance can only account for small perturbations, leaving this
model unable to explain how the motor system responds to larger per-
turbations (Crevecoeur & Scott, 2014). Additionally, this theory is based
on trajectory control, but experiments have revealed that the motor sys-
tem behaves differently when having to reach a target versus when
explicitly following a constraint trajectory reaching to the same target
(Cluff & Scott, 2015), thereby limiting the range of movements that can
be effectively modeled within this framework.

1.3.2 Optimal feedback control

Optimal feedback control (OFC), initially developed in the field of con-
trol theory, was adapted to human motor control by Emo Todorov
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FIGURE 1.6: Illustration of basic processes expected under the OFC frame-
work. The selection of the behavioral task determines the feedback con-
trol policy (task selection). The purpose of the feedback control policy is
to continuously process and convert sensory data into motor commands
that best satisfy the task demand (optimal feedback control policy). Once
the sensory feedback is processed, motor commands are sent to the pe-
ripheral motor system (biomechanical plant or musculoskeletal system).
An efference copy of the descending motor command is used internally to
predict the consequences of motor actions. These internal predictions are
combined with feedback from sensory receptors to compute the posterior
estimate of the state of the body (optimal state estimator). This state es-
timate is used to adjust the motor commands during the ongoing motor
action. Figure from Crevecoeur et al., 2014

(Todorov & Jordan, 2002). In this framework, the controller does not
enforce a predetermined trajectory; instead, it intelligently uses feed-
back to correct deviations that interfere with the task goal. Motor com-
mands are not based on a preplanned trajectory but are rather a linear
combination of the state estimate and are optimized to steer the system
towards the desired state at each time step.

A schematic block diagram of this model is shown in Figure 1.6.
The controller continuously uses the state and the task goal to convert
this information into motor commands that best satisfies the task goal.
As the system’s state is not directly observable due to noises and de-
lays, the model computes an estimate of the state at each time step. The
state estimator uses internal models of the system’s dynamics and an
efferent copy of the motor commands to form a prior estimate of the
state at each time step. This prior estimate is then updated using sen-
sory feedback and is used to update the motor commands during the
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movements. Unlike the models discussed earlier, which compute an
optimal trajectory for control, OFC uses internal models to generate an
optimal estimate of the state, which is then used to generate the control
signal.

Mathematical derivation of the LQG controller

From a computational point of view, the controller that we used in this
work is an LQG controller, a specific case of optimal control. In this
framework, the system is assumed to follow a Linear dynamic, with a
Quadratic cost function and a system subject to Gaussian noise.
The discrete time system dynamics obtained via Euler integration is
defined as:
x[t + 1] = Ax[t] + Bu[t] + ¢[t], (1.1)

where x € R" contains information about the state of the system, u &
R? represents the control vector, A and B are real-valued matrices and
E[t] ~ N (0™, Z0t0r) is additive Gaussian white noise with covariance
matrix X001
The cost function is a quadratic function of the state and command
defined as follows:
N
J(x,u) = ) _{x[i)" Qli]x[i] + uli)' Ruli]}, 12
i=1
where N is the discretized movement time, Q and R > 0 which
respectively penalize motor error and motor commands at any time
step. This cost function allows to translate goals (like reaching a target)
to sensorimotor control policies. In the context of reaching movements,
Q is usually non-zero only at the end as what matters the most is to
reach the goal.
Because the state is not fully observable due to noise and sensory
feedback delays, we need to introduce new quantity y € IR™. The feed-
back measurement is defined as such:

y[t] = Hx[t] + wlt], (1.3)

where H is the observation matrix (often set to the identity matrix
"M, and & ~ N (0™*1, Ysensory) is additive Gaussian white noise with
covariance matrix Zsensory-
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The optimal estimate %[t + 1] is computed in two steps, first, a prior
estimate of the state x?[t 4 1] is formed using the efferent copy of the
motor commands and internal models about the system dynamics:

xP[t +1] = AR[t] + Bult]. (1.4)

This prior estimate is then corrected with the difference between
actual feedback and expected feedback, weighted by the Kalman gain:

£t +1] = xP[t + 1] + K[t] (y[t] — HZ[t]), (1.5)
K[t] = AX[H{H(HZ[t]H" 4 Zeensory) (1.6)
Z[t + 1] = Lmotor + (A - K[t]H)Z[t]AT' (1-7)

The Kalman gains K weights the sensory evidence and the internal pre-
diction in estate estimation and X is the covariance matrix of the state
estimate £[t] at each time step.
In this framework, the optimal motor command is proportional to
the estimated state:
u=—L%. (1.8)

The control gains L that minimizes the cost function are computed
recursively as follows:

L[t] = (R + BTS[t]B)"}(BTS[t]A), (1.9)
St —1] = Q[t] + ATS[t](A — BL[t)), (1.10)
SIN] = Qy, (1.11)

with Qy, the cost matrix at the final time step defining the end-point
penalty on the motor error, and S a proxy allowing to compute the cost-
to-go.

The LQG framework is a good candidate model as it finally links
motor costs, expected reward, sensitivity to noise, sensory feedback
and internal models into a single framework.

Reaching movements and Optimal Feedback Control

One of the aspects that previous models failed to explain is the relia-
bility of motor systems to reach goals while movements vary from trial
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to trial and are rarely reproduced in detail. OFC model addresses this
by emphasizing both goal achievement and the richness of motor vari-
ability, integrating an important property in its framework: the mini-
mum intervention principle. This principle posits that if a disturbance or
noise does not interfere with the task, it does not need to be corrected.
Correcting such disturbances would require generation of motor com-
mands, implying higher cost as motor commands are penalized by the
cost function and the introduction of noise in the system via signal de-
pendent noise. This theory supports the hypothesis that movement ex-
ecution cannot be dissociated from movement planning.

This principle has been observed in various tasks. In unperturbed
reaching tasks, wider endpoints are observed for wider targets (Lowrey
et al., 2017; Nashed et al., 2012). Additionally, in tasks where subjects
perform movements passing through a series of targets, for the same
trajectory, variability is increased for movements with fewer targets
as the motor system allows for more or less error depending on the
number of targets (Todorov & Jordan, 2002). When mechanical pertur-
bations are present, corrections occurs only if they interfere with the
goal. For instance, if a lateral perturbation is applied to the hand dur-
ing a reaching movement, it would be corrected for a square target,
but not for a rectangle target, as it does not interfere with task success
(Lowrey et al., 2017). Similar behaviour is observed for movements
in an environment with or without obstacles (Nashed et al., 2012). The
OFC model is also capable of reproducing behaviours observed in tasks
involving target jumps (Liu & Todorov, 2007), bimanual coordination
(Diedrichsen, 2007), and reproduces variations in motor responses ob-
served in environments with uncertain targets (Izawa & Shadmehr,
2008).

1.3.3 Neural Basis of Optimal Feedback Control

Although OFC model was developed without specific references to
brain structures, it is interesting to map this model to the different brain
regions. In their review, Shadmehr and Krakauer identified four key
brain regions: the Basal Ganglia which plays a role in the estimation
of expected costs and rewards; the Cerebellum, which plays a role in
predicting the consequences of our actions; the Parietal Cortex which
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plays a role in combining the prior estimate with the sensory feedback;
And finally, the Premotor Cortex along with the Primary Motor Cor-
tex are responsible for applying the feedback control policy converting
estimated states into motor commands (Shadmehr & Krakauer, 2008).
These regions are illustrated on Figure 1.7.

Cerebellum

Cerebellum is believed to play a role in predicting the sensory out-
comes of motor commands through the utilization of internal models
of the system’s dynamics (Kawato, 1999; McNamee & Wolpert, 2019;
Wolpert, Miall, & Kawato, 1998). This predictive capacity allows the
system to mitigate the impact of noises and delays in the system. By
using an efferent copy of the motor commands, cerebellum can con-
struct a prior estimate of the current state. As discussed in the preced-
ing section 1.2, cerebellar deficits are linked with impaired coordination
across multiple limbs (Bastian et al., 1996), impaired feedback control
responses (Flament et al., 1984; Kurtzer et al., 2013) and reduced motor
adaptation (Martin et al., 1996; Smith & Shadmehr, 2005; Tseng et al.,
2007; Xu-Wilson et al., 2009). These findings collectively support the
role of cerebellum in the formulation of prior estimates of the state.

Parietal cortex

The parietal cortex assumes an important role in optimally combining
the prior estimate of the state with the sensory feedback. Lesions of the
parietal cortex have been associated with various impairments, includ-
ing compromised limb state estimation when relying on propriocep-
tive feedback (Wolpert, Goodbody, & Husain, 1998), impaired reaching
movements when dependent on visual or proprioceptive information
depending on lesion localization (Rushworth et al., 1997) and impaired
online movement corrections when performing movements in an envi-
ronment with moving targets (Gréa, 2002). Transcranial magnetic stim-
ulation (TMS) applied to this region made participants insensitive to
target jumps happening during the movements. Participants contin-
ued acting as if the target jump had not occurred, indicating that the
prior estimate remained intact (Desmurget et al., 1999).
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FIGURE 1.7: Schematic representation of the regions implicated in the neu-
ral implementation of optimal feedback control in the human brain. Cere-
bellum computes an internal prediction about the state that is updated
with sensory feedback in the parietal cortex creating an estimate of the
current state. This estimate combined with expected cost and rewards es-
timated by the basal ganglia is used by the premotor and motor cortex
to generate an optimal motor command in order to meet the current task
goal.



1.3. Models of movement control 25

Basal ganglia

The basal ganglia, a group of subcortical nuclei, are believed to play
a role in integrating the expected task costs and rewards into a cost
function (Shadmehr & Krakauer, 2008). This role is supported by stud-
ies involving Parkinson’s disease (PD) patients, a condition affecting
basal ganglia. PD patients typically exhibit bradykinesia, a slowness in
movement execution. Mazzoni and colleagues demonstrated that PD
patients do not reduce movement speed to enhance movement preci-
sion, as movement accuracy remained preserved when compared with
data from healthy controls at matched speeds. Instead, their study re-
vealed an increased sensitivity to movement cost in PD patients (Maz-
zoni et al., 2007). Within the framework of OFC, behavior is explicitly
guided by costs and rewards, bradykinesia could be explained by an el-
evated sensitivity to motor cost (R in Eqn. 1.2) relative to the sensitivity
to movement error (Q in Eqn. 1.2), thereby establishing a link between
the basal ganglia and the cost function (Shadmehr & Krakauer, 2008).

Premotor and motor cortices

The premotor and motor cortical areas are involved in the continuous
implementation of the feedback control policy (Scott, 2012). Using the
designated goal and cost function sent by the Basal ganglia, these re-
gions translate the state estimation into motor output (Shadmehr &
Krakauer, 2008). Evidence from TMS studies targeting the primary
motor cortex indicates that it influences feedback responses counter-
acting mechanical perturbations as shortly as 50 ms post-perturbation
(Pruszynski et al., 2011). Moreover, direct recordings of neurons in the
primary motor cortex revealed that their activity is tuned to the task
goal (Pruszynski et al., 2014), suggesting the involvement of the pri-
mary motor cortex in rapidly selecting new motor actions (Scott, 2016).
This reinforces the hypothesis that these regions play a role in feed-
back control by applying the control policy during both preparation
and movement execution.



26 Chapter 1. Introduction

1.4 Aim of this work

Despite ET being a frequent disorder, the exact source of oscillations
remains unidentified. While the cerebellar origin is often suggested, it
would be beneficial to identify the mechanisms underlying the gener-
ation of oscillations in ET. In this thesis, we delve into the role of cere-
bellum by focusing on sensorimotor control in specific tasks known to
rely on cerebellar integrity: adaptation of upper limb control to force
fields, adaptation of saccadic eye movements to sudden changes in the
location of a visual stimulus and feedback control.

Our aim was to characterize the impact of ET on limb control
and assess whether cerebellar-dependent mechanisms engaged in these
tasks could explain the tremor. Additionally, we studied the functional
connectivity of the cerebellum and cortex measured during resting-
state functional MRI, as well as brain volumes using structural MRI
and their correlations with behavioral measurements. The goal of these
studies was to better characterize the functional impairments of ET pa-
tients and relate these changes with brain volume and functional con-
nectivity.

In Chapter 2, we investigated the fingerprint of ET on two motor
adaptation tasks. The first task focused on ET patients” adaptation to
force fields. Participants performed upper limb reaching movements
with a handle towards targets while the experimental device applied
a force to deviate subjects’ hand. The second task focused on sac-
cadic adaptation, where we introduced target jumps during the sac-
cades, these jumps are known to induce an adaptation of the saccade
end point in order to get closer to the final target position. In both
tasks, ET patients” adaptation was impaired in comparison with neu-
rologically intact volunteers. Further decomposition revealed that the
impairment stemmed from impaired online control of the movements,
as anticipation of the perturbations remained preserved in both tasks.
These results suggest that the disorder originate from impaired move-
ment execution.

In Chapter 3, we elaborated on the findings of Chapter 2 by study-
ing a feedback control task specifically. We used a standard postural
perturbation protocol, volunteers experienced perturbations of unex-
pected magnitude and direction and were instructed to counter the
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perturbations and steer their hand back to the target. After an ini-
tially preserved reaction to the perturbation, we observed perturbation-
dependent deficits in the ET group, confirming suspected feedback
control deficits and supporting the hypothesis that the tremor is gen-
erated by the feedback controller. Our study explored the possibility
that oscillations results from an erroneous compensation of sensorimo-
tor delays, as similar oscillations can arise in systems not compensating
properly for feedback delays. We showed that errors in delay compen-
sation reproduced the experimental results, supporting the computa-
tional hypothesis that ET originates from an erroneous compensation
of sensory delays, a function that has been linked with cerebellum.

In Chapter 4, to better understand the role played by cerebellum
in ET, we investigated volumetric and functional connectivity changes
in ET patients and assessed their relationship with behavioral mea-
surements collected outside of the MRI scanner. Participants under-
went a 3 T MRI protocol, including resting-state fMRI and structural
imaging. Using seed-based and connectome-based approaches, we
observed a reduction of the functional connectivity in the cerebello-
thalamo-cortical pathway in ET participants. In addition, these changes
were correlated with tremor severity. Using the functional connectivity
data, we were able to predict the clinical score as well as the average
spectral power density of the tremor in the patient subgroup. Finally,
we observed an atrophy of the thalamic sub-nuclei that correlated with
tremor severity. Overall, these results support the implication of cere-
bellum and its projections in the tremor genesis.

Finally, in Chapter 5 we summarized the contributions of Chapters
2-4 and discussed their results. We identified some limitations of these
studies and discussed open questions that remain unanswered follow-
ing the observations made in this work. Finally, we suggested some
ideas of experiments that could be conducted in future research.

In conclusion, all elements support the hypothesis that ET could
have a cerebellar origin, and that the tremor could originate from an
altered estimation of sensory delays. The novelty of this work lies in
combining different behavioral, computational, and neuroimaging ap-
proaches to shed some light on the functional role of cerebellum in ET.
A better understanding of the mechanisms behind the generation of
the tremor represents a first step towards improving patients’ quality
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of life and exploring new perspectives for diagnostic, treatments and
rehabilitation.
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Impairments of saccadic and
reaching adaptation in
Essential Tremor are linked to
movement execution

Published as : Blondiaux E, Lebrun L., Hanseeuw B., and Creve-
coeur F, Impairments of saccadic and reaching adaptation in Essential
Tremor are linked to movement execution, Journal of Neurophysiology,
130 (5), 1092-1102, 2023.

by involuntary oscillations of the limbs. Previous studies have

hypothesized that ET is a cerebellar disorder and reported im-
pairments in motor adaptation. However, recent advances have high-
lighted that motor adaptation involves several components linked to
anticipation and control, all dependent on cerebellum. We studied the
contribution of both components in adaptation to better understand the
adaptation impairments observed in ET from a behavioral perspective.
To address this question, we investigated behavioral markers of adap-
tation in ET patients (n = 20) and age-matched neurologically intact vol-
unteers (n = 20) in saccadic and upper limb adaptation tasks, probing
compensation for target jumps and for velocity-dependent force fields,
respectively. We found that both groups adapted their movements to

ESSENTIAL tremor (ET) is a neurological disorder characterized
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the novel contexts; however, ET patients adapted to a lesser extent com-
pared with neurologically intact volunteers. Importantly, components
of the movement linked to anticipation were preserved in the ET group,
whereas components linked to movement execution appeared respon-
sible for the adaptation deficit in this group. Altogether, our results
suggest that execution deficits may be a specific functional consequence
of the alteration of neural pathways associated with ET.

New & Noteworthy: We tested Essential Tremor patients’” adaptation
abilities in classical tasks including saccadic adaptation to target jumps
and reaching adaptation to force field disturbances. Patients” adapta-
tion was present but impaired in both tasks. Interestingly, the deficits
were mainly present during movement execution, while the anticipa-
tory components of movements were similar to neurologically intact
volunteers. These findings reinforce the hypothesis of a cerebellar ori-
gin for essential tremor and detail the motor adaptation impairments
previously found in this disorder.

2.1 Introduction

Essential tremor (ET) is one of the most common movement disorders
provoking involuntary oscillations of patients” limbs (Louis & Ferreira,
2010). Typical clinical features of ET are kinetic and intention tremors
of limbs, particularly upper limbs and, to a lesser extent, head and
trunk (Bhatia et al., 2018; Clark & Louis, 2018; Shanker, 2019). To
date, the pathophysiology of this neurological disorder is not fully un-
derstood, but some previous works have suggested a cerebellar origin
(Ibrahim et al., 2021). Neuroimaging studies reported abnormalities
in the structure and connectivity of cerebellum as well as differences
in the cerebello-thalamo-cortical loop (Mavroudis et al., 2021; Muthu-
raman et al., 2018; Pietracupa, Bologna, Tommasin, Elifani, et al., 2021;
Tikoo et al., 2020). Postmortem studies also pointed towards alterations
of cerebellar cells (Louis & Faust, 2020a). Characterizing whether spe-
cific cerebellar functions are preserved or impaired in this condition is
therefore important to better understand this disorder.
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Crucial functions of cerebellum include movement control, state-
estimation, and adaptation (Diedrichsen & Bastian, 2014; McNamee &
Wolpert, 2019; Therrien & Bastian, 2015). The central nervous system
cannot exactly access the state of the limbs (position, speed, etc.) due
to the intrinsic delays in sensory feedback and to sensorimotor noise.
As a result of this uncertainty, the brain must predict the next state that
will be used to plan and control fast and accurate movements. The
prediction is computed based on the delayed sensory feedback and an
efferent copy of the motor command used in conjunction with prior
knowledge of body and environmental dynamics. This operation of
state estimation, which makes use of internal models, has been associ-
ated with cerebellum (Kilteni et al., 2020; Miall et al., 1993; Miall et al.,
2007; Wolpert, Miall, & Kawato, 1998).

The ability to adapt motor patterns to novel environments rests on
our ability to update the internal models used for estimation and con-
trol, thereby allowing for predictive compensation for sustained distur-
bance. It has been reported that adaptation depends on the integrity of
cerebellum. The involvement of cerebellum in motor adaptation has
been studied with a variety of movements, with non-human species
(Baizer et al., 1999; Ojakangas & Ebner, 1992), as well as with cerebellar
patients (Smith & Shadmehr, 2005; Tseng et al., 2007; Xu-Wilson et al.,
2009), who have shown deficits of adaptation in response to repeated
perturbations. These results possibly reflect inaccurate internal models
and a relative inability to update them in a way that counters the distur-
bance induced by the novel environment (Diedrichsen & Bastian, 2014;
Therrien & Bastian, 2015).

Given the involvement of cerebellum in sensorimotor adaptation
and its putative link with tremor, we set out to describe motor adap-
tation impairments in ET across two different tasks. Previous works
reported that these patients were able to adapt to perturbations, but to
a lesser extent than neurologically intact volunteers in force-field, vi-
suomotor and prism adaptation tasks, as well as eyeblink conditioning
(Bindel et al., 2022; Chen et al., 2006, Hanajima et al., 2016, Kronen-
buerger et al., 2007). Considering that sensorimotor adaptation may in-
volve multiple components (Mathew & Crevecoeur, 2021), we aimed to
expound this adaptation deficit using two tasks probing visual and up-
per limb motor systems. In particular, we focused on the contributions
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of anticipation and movement execution on motor adaptation deficits.
To do so, we studied adaptation in saccadic eye movements evoked
by peri-saccadic target jumps, and upper limb reaching adaptation to
velocity-dependent force fields as well as the correlation of adaptation
performances in both tasks. We found that motor adaptation deficits
observed in both tasks were due to the time course of movement exe-
cution while anticipatory compensation for the perturbation was com-
parable to the control group.

Our results support the hypothesis of a cerebellar origin for essen-
tial tremor but suggest a specific alteration of the pathways linked to
the real-time motor execution across both visual and upper limb motor
systems.

2.2 Methods

2.2.1 Participants

A total of 22 Essential Tremor (ET) patients and 20 neurologically intact
(NI) volunteers participated in this study. All participants provided
written informed consent following procedures approved by the Ethics
Committee at the host institution (Comité d’Ethique Hospitalo Facul-
taire, UCLouvain, Belgium). A neurologist performed a clinical evalua-
tion with the Fahn-Tolosa-Marin Tremor Rating Scale (FTM-TRS) (Fahn
et al., 1993) on all participants to evaluate the severity of the tremor. ET
patients did not interrupt their medication before the assessment. We
kept track of current medications and dosages (Supplementary Table
1). All but four ET participants took part in the two experiments. For
the reaching experiment, one participant could not perform the task
due to the amplitude of their hand tremor, another participant did not
complete the task due to pre-existing shoulder condition. For the sac-
cadic adaptation experiment, two other participants were excluded fol-
lowing technical limitations impeding calibration of the eye-tracking
system. As a result, each population of ET patients was composed of
20 volunteers. Force sensors were defective for one ET participant, and
another ET participant decided to stop the experiment a block earlier.
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We kept the data for the analyses and took into account the missing tri-
als and the absence of force recordings. All NI volunteers participated
in the two tasks, resulting in a group of 20 NI volunteers.

The FTM tremor rating scale was divided into three sections. Part
A quantified the tremor amplitude of the limbs at rest, with posture
holding, and during action. Part B quantified the action tremor of the
upper limbs, particularly writing, drawing, and pouring liquids. Part
C quantified the functional disability, evaluating patients” impairments
in daily life activities (eating, drinking, working, etc.). We ignored this
part filled by the participant due to the higher subjectivity of some cri-
teria and because our experiments assessed different tasks. Maximum
scores for each section were respectively, 80, 32, and 28. Since this scale
is not specific to ET evaluation, a low score in some items is expected
like rest tremor, uncommon in ET.

2.2.2 Tasks

The study was composed of two experiments: a saccadic adaptation
task (Figure 2.1 & 2.2) and a reaching adaptation task to a force field
(Figure 2.3 & 2.4). During the saccadic adaptation task inspired from
Xu-Wilson et al. (Xu-Wilson et al., 2009), participants sat in a dark room
on a height-adjustable chair in front of a screen. Head movements were
restricted using a chin rest bar and forehead support. Eye movements
were recorded using an Eyelink 1000 Tower-mounted eye tracker (SR
Research, Ottawa, Canada) at a sampling rate of 1kHz, and stored for
offline analyses. Participants gazed at the green targets (0.8 visual de-
grees wide) displayed on the screen. After a series of baseline trials
containing a fixation target and a goal target, a jump of the goal tar-
get was introduced as a perturbation for the adaptation trials (Figure
2.1 a&b). We divided the experiment into 7 blocks: oblique (30 trials),
horizontal (30 trials), and five adaptation blocks (60 trials each). Coor-
dinates are expressed in degrees of visual angle both for the horizontal
and vertical component, with the center (0°,0°) being straight ahead of
the participants.

During the oblique trials, a fixation target (F: (-10°,0°)) was projected
on the left side of the screen. After a random wait time between 2 sec
and 3 sec distributed uniformly, a new target was projected 20° away
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from the fixation target in the horizontal direction and 5° above the
meridian vertically (T1: (10°,5°)). For the horizontal trials, the same
fixation target (F) was used, and the final target was 20° away in the
horizontal direction but aligned vertically (T1: (10°,0°)). We refer to the
initial measurements of oblique and horizontal trials as baseline trials.
The adaptation trials started with the same initial fixation target (F).
A second target displayed 20° to the right appeared (T1: (10°,0°)), and
participants were instructed to direct their gaze to the new target. As
soon as the saccade was detected, the target jumped 5° away in the ver-
tical direction (T2: (10°,5°)). The target T2 served as a fixation target for
the next trial, the jump continued to be counterclockwise (F = (10°,5°);
T1: (-10,5°); T2: (-10,0°)). See Figure 2.1 a&b for a sketch of the different
targets coordinates. The saccades were detected based on a horizontal
velocity threshold of 150°/s computed online using backward 2nd or-
der finite differences. Because of the perturbation, the saccade towards
T1 was followed by a corrective saccade towards T2. An inter trial time
of 2.3 sec was used in all cases. Participants took a short break between
each block (15sec to 1min).

For the reaching adaptation task, participants sat on a height-
adjustable chair in front of an End Point KINARM device (KINARM,
Kingston, Ontario). They grabbed the handle of the robotic arm and
performed reaching movements toward the target projected on the
screen (Figure 2.3 a). All participants performed the experiment with
their right arm, independently of their laterality based on recent obser-
vation that adaptation on each side for the same task is very similar
(Cordova Bulens et al., 2023). The device recorded the participants’
hand cursor position and forces applied to the handle. An occluder
blocked the direct vision of the hand, but a hand-aligned cursor was
always represented (white dot, radius 0.6 cm). The radius of the tar-
gets was 1.2 cm. A criterion on movement time was applied to encour-
age consistent velocities, but all movements crossing the target at least
once and finishing within less than 3 cm from its center were kept for
analyses. Good movement time ([600 ms — 1500 ms]) was indicated by
a green target at the end of the trial. If the participant was too slow,
the target remained red and full. For movements too quick, the target
switched to red and hollow. The experiment was composed of two trial
types: null-field trials, and force field trials. During the null-field block
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(40 trials), participants were instructed to reach and stop at the dis-
played target. Two goal targets were used to avoid potential bias liked
to the repetition of one target and to make the task less repetitive. The
two goal targets and the start target formed an equilateral triangle. Tar-
gets centers were 10 cm apart. The start target, closest to the participant,
was aligned with their elbow. For each trial, one of the two possible
goal target was randomly selected and displayed on the screen. Each
set was composed of the same number of trials towards each target. The
adaptation blocks (4 blocks) featured trials with similar instructions but
performed in the presence of a clockwise velocity-dependent curl field
applied throughout the whole movement. The force field was defied as
followed: f, = 15y and f, = —15 x (N). Each block was composed of
66 trials: 30 trials towards each target with the force field, and 3 catch
trials per target during which the force field was unpredictably turned
off. The trials were presented in random order. The inter-trial time was
1sec. Participants were encouraged to take short breaks between the
blocks to reduce fatigue (15 sec to 1 min).

2.2.3 Data Analysis

Raw measurements of eye position were filtered with a dual-pass 4th
order low pass Butterworth filter with a cut-off frequency of 50 Hz. Eye
velocity was computed based on position signals using 4th order finite
differences. The beginning and end of each saccade were defined using
a threshold on the horizontal eye velocity of 16°/s for at least 10 ms.
Additional criteria for saccade inclusion were: (1) its duration, within
50 to 200 ms, (2) its peak velocity, above 100°/s, and (3) a minimum
amplitude of 10°, corresponding to one-half of the instructed horizon-
tal displacement. These inclusion/exclusion criterions were adapted
from (Xu-Wilson et al., 2009). On average, NI volunteers had 11.7%
of their trials excluded (min: 3.9%, max: 38.9%), ET patients 14.7% ex-
cluded (min: 3.9%, max: 31.4%). Non-detected saccades were mainly
due to blinks and fatigue leading to poor detection of the pupil by the
eye-tracking system. The mean velocity was computed on a 40 ms win-
dow, centered around the trial’s peak velocity. The curvature of sac-
cades was approximated using the same method as Chen-Harris and
colleagues (Chen-Harris et al., 2008). Each saccade was divided into 4
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equal segments along the horizontal direction, the slope of the line ex-
tending the end of each segment was computed and was referred to as
S1-54 (see Figure 2.2 c-g). The timing of each segment was in average
21.7 ms, 11.8 ms, 13.2 ms and 28.5 ms. After observing no qualitative
differences between the left and right saccades, adaptation trials in both
directions were combined for analyses.

For the reaching adaptation task, the data was filtered using a dual-
pass 6th order low pass Butterworth filter with a cut-off frequency of
25 Hz. Movement onset and end were defined using a speed threshold
of 3 cm/s. Movements were included in the dataset if their duration
was above 300 ms, crossed at least once the target, and ended less than
3cm from the target center. Based on this criterion, we excluded in av-
erage 1.1% of the trials for NI participants (min: 0.3%, max: 2.3%) and
4.9% of the trials for ET patients (min: 0%, max: 21.1%). Adaptation
was quantified using Pearson’s correlation between the force orthogo-
nal to straight path measured at the interface between the hand and the
robot handle (measured force), and the force field commanded by the
robot and extracted offline based on velocity signals of each trial (com-
manded force). Intuitively, if the measured force and the commanded
force are equal and opposite, one expects high values of correlation be-
tween these signals. In contrast, a lack of knowledge of the force field
producing only approximate or poorly tuned compensation for the per-
turbation should yield lower correlation values. It was also verified em-
pirically that this metric was indeed sensitive to adaptation in the same
setup and task (Crevecoeur et al., 2020). Initial angles, between the
hand path and the straight line connecting the two targets, were com-
puted at 200 ms after movement initiation, with a counter-clockwise an-
gle being defined as positive. We verified that there was no qualitative
difference between the two targets, thus movements were remapped
and combined for all analyses. We used a constant bin width of 8 trials
for illustration purposes to show the effect of the perturbations.

2.24 Statistical Analysis

In both experiments, Student’s t-tests were used to compare perfor-
mances between groups during baseline condition (endpoint and max-
imum velocity of the saccade, movement duration, and path length of
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the reaching movement) and for the initial angles from catch trials in
the reaching adaptation task. T-tests were also used to compare aver-
age group age. Adaptation was evaluated using two techniques: expo-
nential fits and Linear Mixed Effects (LME) models. A standard expo-
nential model of adaptation was fitted on group average and 95% confi-
dence intervals of each parameter were compared between ET and NI.
The parameter a corresponds to the final offset to which the exponen-
tial curve converges, b is the amplitude of adaptation which therefore
impacts the starting point of the curve, and c to the learning rate. The
variable i was the trial number. The exponential fit was as follows:

y=a+ bxe . (2.1)

Because the exponential fits were not significant in all cases, we also
used linear mixed models to assess the evolution of the dependent vari-
ables across trials and group while taking inter-individual variance as
a random factor. More precisely, LME models were fitted with factors
Trial Number (i) and Group (2 level factor) as fixed predictors, and a
random intercept to capture idiosyncrasy. LME and exponential fits
were used for vertical end-point, vertical velocity, and saccades slopes
in the first experiment, and maximum perturbation forces, normalized
deviation, initial angle, and forces correlations in the second experi-
ment. For each dependent variable the formulae of LME was:

Yij = Po+ P1x i+ PoxGroup+ Ps* Group xi+bj+e;,  (22)

where Yj; represents the dependent variable of trial number 7 from par-
ticipant j, B; are the coefficient of the fixed predictors including trial
number, group (control or ET), and interaction between them, and b]- is
the random intercept for participant j, and €; ; is the residual.

To measure the variability of the movements, we investigated sev-
eral bins across the movement and kept the bin with the highest vari-
ability which corresponded to 20 ms around the midpoint between
peak velocity and target crossing for the reaching adaptation and 20
ms around the midpoint between peak velocity and movement end for
the saccadic adaptation. Variability of each person was computed using
their movement in each block. We compared variability of participants
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using Wilcoxon rank-sum tests. For the unpaired comparisons between
groups, due to the limited number of participants and the inherent vari-
ability of our populations we defined the significance threshold at 0.05.
This includes Spearman’s and Pearson’s correlations, Wilcoxon rank-
sum tests and Student’s t-test. Concerning the LME, where all trials
are considered we expect increased statistical power and therefore as-
sessed the significance of each effect using an F-test and a significance
threshold of 0.005 (Benjamin et al., 2017; Lakens et al., 2018).

Finally, a linear support vector machine classifier was trained on
the final performances of each participant in a 2-dimensional space that
contained the learning indices that exhibited strong differences across
trials and groups. The purpose of the classification technique was to
quantify the overlap between the two groups in this two-dimensional
space, however the accuracy of the model was still assessed based on
leave-one-out cross-validation. In addition to quantifying the overlap
between the distributions, the support vector machine was also used
to illustrate that the boundary between the two groups separated the
plane into overall better or worse performances in the two groups. All
analyses were performed offline with Matlab 2020b. The data will be
available in Zenodo following the publication of the article.

2.3 Results

2.3.1 Experiment 1: Saccadic Adaptation

We instructed participants to perform visually guided saccades to a tar-
get projected on a screen. The time course of a trial followed standard
protocols of saccadic adaptation (Chen-Harris et al., 2008; Xu-Wilson
et al., 2009): after an initial fixation delay, the target was projected, and
participants initiated a saccade (Figure 2.1 a&b). During movement, the
goal target jumped vertically, inducing a terminal error that was grad-
ually reduced as adaptation progressed. The experiment started with
baseline trials, during which the target did not jump (see Methods). A
total of 40 volunteers took part to this experiment, 20 Essential Tremor
(ET) patients (14 F, 6 M) and 20 neurologically intact (NI) volunteers
(14 F, 6 M). There was no significant difference in age between ET pa-
tients (M = 58.6, SD = 15.4) and NI volunteers (M = 56.8, SD = 12.4);
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(t-test; tzg = —0.4013, p = 0.69). We assessed tremor severity in all par-
ticipants using the Fahn-Tolosa-Marin Tremor Rating Scale (FTM-TRS).
ET patients obtained an average score of 8.8 £5 (mean + SD) points
in part A assessing tremor amplitude and 14.6 &= 7.6 points for part B
which assesses drawings and pouring (part B). The average score of NI
participants was 1 + 1.3 (part A) and 1.5 &= 1.7 (part B).

The average eye trajectories of the baseline phase of the experiment
are depicted in Figure 2.1 ¢, left panel. No significant differences of
vertical (t-tests; oblique: t33 = 0.47, p = 0.64; horizontal: t3g = 0.55,
p = 0.58) and horizontal (t-tests; oblique: t3g3 = 0.23, p = 0.82; hor-
izontal: t33 = 0.79, p = 0.43) end-point were observed between the
two participants groups during these baseline trials. Likewise, average
vertical (t-tests; oblique: t33 = 0.39, p = 0.7; horizontal: tzg = 1.04,
p = 0.31) and horizontal (t-tests; oblique: t33 = —0.19, p = 0.85; hor-
izontal: t33 = —0.28, p = 0.78) velocities were similar across the two
groups. Mean velocity was computed on a 40 ms window centered
on the trial’s peak velocity. No statistical differences were observed re-
garding the fixation prior to the saccade, which was assessed by com-
paring averaged position and velocity across a 100 ms window prior
saccade initiation.

During the adaptation phase of the experiment, the target jumped
vertically (5 visual degrees up/down) depending on the saccade di-
rection (right/left respectively). The perturbation resulted in an end-
point error corrected by a second saccade. Both groups adapted their
saccades to the target jump by increasing the vertical endpoint coordi-
nate of the first saccade, but the extent of adaptation was significantly
smaller for ET patients. The average eye trajectories at the beginning
and the end of adaptation trials are plotted for each participant in Fig-
ure 2.1 d. First, the vertical end-point of saccade increased with trial
repetitions to reach an average of 2.06° (visual degrees) for NI partici-
pants, and only 1.83° for ET patients as can be seen in Figure 2.2 a. Ex-
ponential fits were generally non-significant for the saccadic adaptation
task (except for the 3rd slope), we therefore only present LME analyses
for this task. A linear mixed-effect (LME) model revealed a significant
main effect of the trial (Fjo356) = 24.20, p < 107%), no effect of the
group (NI or ET) on the vertical end point was observed (F(35) = —0.44,
p = 0.66) but there was a clear interaction effect between these two
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FIGURE 2.1: Schematic representation of the saccadic adaptation protocol
design (a,b) & behavior in saccadic adaptation task (c,d). a Time course of
a trial in the saccadic -adaptation task. Participants (n=40) were asked to
perform saccades to gaze at a target visible on the screen. The experiment
was divided into 3 trial types: oblique saccades, horizontal saccades, and
adaptation saccades. Each trial began with a fixation target (F), followed
by the appearance of the goal target (T1) after a random delay. Locations
are indicated in visual degrees. During adaptation trials, the goal target
was shifted by 5 degrees (T2). These trials occurred in two directions, to
the right (black) and the left (grey). Target jump was counterclockwise.
The dashed lines depict the axes centered straight ahead. b Target se-
quence from an adaptation trial. Arrows indicate when a saccade was
initiated. Target jump (T1 to T2) occurs when the saccade is initiated. At
the end of the trial, T2 served as fixation for the next trial (grey in 2.1 a).
c (Left) Group average of participants’ eye trajectories averaged over the
oblique and horizontal blocks. Grey dots represent the targets. (Right)
Vertical end point and mean vertical velocity of saccades, across all trials,
and averaged for the two groups. Error bars represent the SEM. Grey dots
represent individual datapoints. d (Left) Saccades averaged over the first
and last 10 trials to highlight differences between early and late adapta-
tion phases. (Right) Average velocity traces are plotted for the horizontal
and vertical components. Thin traces correspond to the horizontal base-
line trials. Shaded areas represent the SEM.

factors with a negative coefficient (Fjg35) = —5.22, p < 10~%). This
model shows that even if both groups started at the same level (no main
effect, thus no offset on average) ET patients adapted at a lower rate to
the perturbation than neurologically intact volunteers (interaction ef-
fect). The mean vertical velocity increased with trials for both groups,
but with a smaller increase for the ET group (Figure 2.2 b, LME; Trial
:F10356) = 0.07, p < 107%; Group:F(zg) = —2.16, p = 0.51; Group-by-
Trial :F19356) = —6.14, p < 10~%). Participants performed a corrective
saccade, in order to reach the final target T2. The amplitude of this sac-
cade decreased with trial repetition, in accordance with the increase in
the vertical endpoint coordinate of the first saccade. Similar to the first
saccade, there was no group effect for the amplitude of the corrective
saccade, but there was a significant interaction between the group and
trial number, reflecting that ET patients adapted less to the perturbation
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FIGURE 2.2: Participants” behaviour during the saccadic adaptation task
ET patients showed reduced saccadic adaptation a, b, Evolution of the
vertical end point (a) and peak vertical velocity (b) averaged over each
group. Shading indicates SEM. ¢, The curvature was approximated by
dividing saccade into 4 segments along the horizontal axis and by com-
puting the slope of each segment (labeled S1 — S4). d-g, Evolution of the
segment slopes with adaptation. a,b,d-g, grey area: Behavior in the hori-
zontal baseline trials, error bars depicts the SEM.

(LME: Trial: Fou97) = =174, p < 1074 Group:F3g) = 029, p = 0.78 ;
Group:Trial: Fgs5) = 3.89, p < 1073).

Previous studies on saccadic adaptation (Chen-Harris et al., 2008;
Xu-Wilson et al., 2009) reported a specific pattern in the evolution of
saccades curvature, differentiating adapted saccades from oblique sac-
cades with the same amplitude. Using the same technique, we ap-
proximated the saccade curvature by dividing the saccade into four
equal segments along the horizontal axis and analyzed the evolution
of the slope of each segment (S1-54) (Figure 2.2 c-g, see Methods). The
differences between the slopes of segments is a proxy of the curva-
ture since highly curved movements should display large variations
in consecutive slopes. We observed an altered adaptation pattern in
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ET patients. The LME model revealed a significant effect of the trial
and of the interaction between group and trial for all segments but the
first one (LME; S1: Trial:F(g35) = 841, p < 107* ; Group:F35 =
—0.25, p = 0.8; Group-by-Trial:F(19355) = —1.25, p = 0.21; For 52-54
Trial:F19356) > 15.01, p < 1074 ; Group:Fzg) > 0.09, p > 0.24; Group-
by-Trial:F(1356) < —2.88, p < 0.004). Differences between NI and ET
participants were maximal during S2 and S3. Interestingly, the fact that
the first segment of the saccade was similar across groups suggested
the preservation of the initial component of saccadic adaptation -which
could be seen as a proxy of anticipatory compensation-, whereas differ-
ences in S2 and S3 indicated impairment in the time course of saccadic
execution supported by internal feedback. We studied whether any re-
lationship existed between anticipation and real-time execution perfor-
mances. For the patient group, we computed the correlation between
the slope of the first segment and the end point, the correlation coeffi-
cient was 0.5 with a p-value of 0.03 (Spearman correlation). This rela-
tionship was expected as reported in Chen-Harris study where S1 was
responsible of 75% of the total adaptation (Chen-Harris et al., 2008).

Finally, we compared the variability of participants” behaviour dur-
ing the baseline blocks, and during the last trial of adaptation to ob-
serve participants’ consistency during the task. We only report the
results for the horizontal position, but similar results were observed
for the other metrics (including vertical position as well as velocities
in each direction). The variability was the most important towards
the end of the movement, midway between peak horizontal velocity
and the end of the movement. For the horizontal, oblique and last
block of adaptation, patients were respectively 28.8%, 27.6% and 18.3%
significatively more variable than controls (Wilcoxon rank-sum test:
T > 489,z > 2.12, p < 0.03). This variability was not correlated with
the FTM-TRS score nor the task performance.

2.3.2 Experiment 2: Adaptation of reaching movements to a
force field

For this experiment, we tested 20 ET patients (15 F, 5 M) and 20 NI par-
ticipants (14 E, 6 M). The NI group was identical to the saccadic adap-
tation experiment, whereas the ET group involved 18 participants that
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were also tested in the saccadic adaptation task and 2 new participants.
As for the saccadic adaptation task, we verified that there was no sig-
nificant difference in age between the two groups (ET patients : M: 57.7,
SD: 16.1, t-test: t33 = —0.19, p = 0.85). ET patients obtained an FTM-
TRS score of 9 4.8 for part A (tremor amplitude) and 13.7 + 6.5 for
part B (drawings/pouring).

Participants first performed 40 movements moving the robotic han-
dle of an instrumented device (KINARM, Kingston, ON) in a null field.
These movements were used as control trials to measure differences be-
tween the two groups when no perturbation occurred (Figure 2.3 a-d).
We decomposed the trials into a reaching and a stabilization phase that
were defined based on the time at which participant’s hand crossed
the target for the first time. The last movement of each participant in
this field is depicted in grey in Figure 2.3 f. The reaching phase was
exempt of oscillations: movement duration and path length were sim-
ilar for both groups (Figure 2.3 e, t-test; Movement duration: f3z =
—0.16, p = 0.87; Path length: t33 = —0.66, p = 0.51). The stabiliza-
tion phase was, however, directly impacted by the tremor with longer
movement duration and path length (Figure 2.3 e, t-test; Movement du-
ration: f3g3 = —2.95, p = 0.005; Path length: t33 = —3.3, p = 0.002). Ini-
tial assumptions were not made regarding differences between reach-
ing and stabilization. Nevertheless for the subsequent analyses, we fo-
cused on the reaching phase of the movement — similar across groups
in the absence of perturbation — as adaptation indices taken from this
window would likely not be directly affected by the tremor.

When participants were exposed to the force field for the first time,
they all experienced large lateral hand deviations (Figure 2.3 f). After
a few trials, they quickly adapted their movements to the perturbation,
and a reduction of the deviation relative to a straight line was observed:
the path length decreased and the forces applied by the participant par-
alleled the one applied by the robot, a good compensation being the
opposite of the perturbation (Figure 2.3 c).

Similar to the saccadic adaptation task, both groups showed an
adaptation of their movements to the force field, however, this adap-
tation was reduced for ET patients. The ET patients were slower in the
task (Figure 2.4 a&b; Movement duration — LME: Trial: Fgys5) = —2.73,

p < 107%; Group: Fzgy = 2.19, p = 0.03 ; Group:Trial: Figps5) = —3.6,



2.3. Results 45

Protocol design

a _ b c ‘
Instructions Adaptation
~ Examplar NI
Good trial Maximum
00da trial: P
deviation
0.6s<t<1.5s L4 vial FE Target
_ z4 Crossed
Go cue: t=0s <
= 8
Wait: [1,2]s g8 _
Initial =& [/Subject
angle +
\) 0 600
—4
d . _ 3
Baseline Adaptation =8
© =
# of =

. 20 20 120 120 12 12 0
trials
0 800
Time (ms)

Participants' behavior

e Baseline f
o
NI
Reaching Stabilization
i
3 = -
£ 400 f %
= 250} 2. =
©
€ 200 & =
[a)
0 0
10 =,
T ® o1 - 2
S 3 J
*
5 ° 218 s
3 108 =
0 0

FIGURE 2.3: Schematic representation of the upper limb adaptation proto-
col design (a-d) and participants behavior during the reaching adaptation
task (e,f). a, Participants (n=40) were asked to perform reaching move-
ment to one of two goal targets displayed on the screen 10 cm away from
the start target with hand-aligned cursor. Direct view of the limb was
blocked. The timing of the movement was constrained, the go cue was
given by the filling of the goal target. Visual feedback about movement
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Figure 2.3: cont. timing was provided (see Methods). b, Parameters ex-
tracted from individual traces: the initial angle was defined as the angle
between the straight line connecting the two targets and the hand position
at 200 ms. Counter-clockwise angle is defined as positive. Maximum de-
viation was computed between hand path and the straight line connecting
the targets. ¢, Lateral Forces applied by participant on the handle (solid
traces) and applied by the robot (grey traces) for an exemplar participant
from the control group. Top and bottom panels illustrate the difference
between early and late phases of the adaptation blocks. It can be observed
that the applied force was closer to the perturbation force at the end of
the adaptation phase. d, Time course of the protocol: 20 baseline trials
towards each target (no force field). Adaptation trials were composed of
120 trials in each direction perturbed by a velocity dependent clockwise
curl force field. Randomly interleaved catch trials (no force field) were in-
cluded during the adaptation blocks. Target presentation order was ran-
domized for each block. e, Movements were divided into reaching and
stabilization. The end of reaching corresponded to the time at which the
cursor crossed the target boundary. Significant differences between the
two groups in movement duration and hand path lengths were observed
only during the stabilization part. Error bars represent SEM. Note the
modified scale for the stabilization measures. f, Participants” hand paths
during the first (top) and last (bottom) force field trial. The differences
between the trials illustrate adaptation. Grey traces correspond to the last
baseline trial of each participant.

p < 1073). This resulted in a significantly smaller perturbation (Figure
24 ¢; LME: Trial: Fgps5) = —13.11, p < 10~*%; Group: Fzg) = —1.65,
p = 0.11 ; Group:Trial: Fgps5 = 6.62, p < 10~%). To account for this
difference, the maximum deviation measured during each trial (Figure
2.4 d) was normalized by the maximum perturbation force during the
trial. The normalized deviation (Figure 2.4 e) was significantly higher
in the ET group as revealed by the exponential fits, where all fitted pa-
rameters revealed reduced adaptation in the ET population (Figure 2.4
e, asymptote (a) ET: a2 = 0.33 (95% CI: 0.32-0.34), p < 1074, NI: 2 = 0.23
(0.22-0.24), p < 10~*, amplitude (b) ET: b = 0.30 (0.24 — 0.37), p < 1074,
NI b = 0.21 (0.19 — 0.23), p < 10~ and learning rate ET: ¢ = 0.10 (0.07-
0.14), p < 10~%, NI: ¢ = 0.02 (0.015 — 0.025), p < 10~%). LME confirmed
these results with a significant interaction between the group and the
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trial number (Figure 2.4 e; LME: Trial: Fgps5 = —19.78, p < 1074
Group: Fg) = 0.91, p = 0.37; Group:Trial: Figys¢) = 5.60, p < 107%).

The initial reach angle is defined as the angle between the position
of the hand at 200 ms and the straight line connecting the home and the
goal target (Figure 2.3 b). It is a proxy of participants” anticipation of
the perturbation as the earliest modulation of motor commands within
movement was previously reported at ~ 250 ms after movement on-
set (Crevecoeur et al., 2020; Mathew & Crevecoeur, 2021). It suggests
that movement parameters prior to this time must be linked to anticipa-
tion. It is expected that the force field produces negative values of ini-
tial angles early in the adaptation phase, with gradual changes towards
0 as adaptation progresses. Exponential fits reported similar learning
rates and amplitude for both groups but a significant difference in the
asymptote (ET: a = —2.5 (95% CI: —2.8,-2.3), p < 1074, NL:a = —1.7
(=19, -1.5), p < 10~*). Mixed models analyses reported a small dif-
ference in learning rate for the initial angles (Figure 2.4 f), suggesting
that both groups had slight differences in initial angles (LME: Trial:
Fopss) = 5.35, p < 10~%; Group: Fig) = 0.03, p = 0.98; Group:Trial:
Fiooss) = —3.40, p < 10~%). However, no difference in initial angles
was observed during the catch trials (Figure 2.4 g; t-test; tzg) = 0.83,
p = 0.41). Similarly, the distributions were not significantly different
(Kolmogorov-Smirnov test: Dggy =02, p = 0.77). Overall, these re-
sults reflected no significant differences between the two groups in an-
ticipating the perturbation.

In contrast, the compensation for the force field during movement
was more strongly impacted. We computed the correlation between
the perturbation force and the force measured at the handle, a high cor-
relation highlighting a good compensation for the force field (Creve-
coeur et al., 2020). We found an increase across trials for both groups,
while remaining significantly smaller for ET patients than for NI partic-
ipants (Figure 2.4 h). Exponential fits reported a difference of asymp-
tote (ET: a = 0.81 (0.8 — 0.82), NI: 2 = 0.86 (0.85 — 0.87)) and no sig-
nificant differences in amplitude or learning rate. This result was also
confirmed by LME models (Trial: Fgpg) = 2041, p < 10~*; Group:
Fa7) = —241, p = 0.021; Group:Trial: Figpyg) = 0.74, p = 0.46). In-
terestingly, the reaching adaptation experiment revealed impairments
qualitatively similar to the saccadic adaptation task: first, ET patients
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FIGURE 2.4: Participants’ adaptation during the reaching task a, Maxi-
mum forward velocity during the adaptation trials, used to compute the
lateral perturbation. b, Movement duration during the reaching phase
¢, Maximum lateral perturbation received by the participants during the
adaptation trials. Averaged over each group. d, Maximum hand devi-
ation observed during force field trials. e, Maximum lateral deviation,
normalized by the averaged force received during reaching. f, Initial an-
gle between the hand and the line connecting the start-target centers at
200 ms after movement initiation. g, Cumulative distribution of the initial
angle during the catch trials for the ET and NI participants. h, Trial by
trial correlation between the force field applied by the robot and the forces
applied by the participant. Averaged over participants of each group. a-
f, h, Shaded areas represent the SEM, grey area: average behavior in the
baseline trials, error bars depicts the SEM. e f,h, Significant exponential
fits.

were able to adapt, but they exhibited reduced adaptation in compar-
ison with the control group. In both experiments, it appeared that the
aspects linked to anticipation were preserved (S1 for the saccadic adap-
tation, the catch trials initial angles for the reaching task), whereas the
metric closely linked to online execution exhibited a reduced compen-
sation for the perturbation (S2 and S3 for the first task, and the cor-
relations computed on continuous force traces for the reaching task).
We did not find any significant correlation between the initial angle
and the correlations (Spearman’s correlation for the patient group; 0.38,
p = 0.12), suggesting an absence of interaction between both adapta-
tion mechanisms.

We also compared participants’ variability during the baseline
block and the last block of adaptation. Variability peaked close to the
end of the movement, midway between peak forward velocity and tar-
get crossing. During the baseline and the last block of adaptation, for
the lateral velocity, ET patients were in average 51.4% and 49.6% sig-
nificantly more variable than NI participants (Wilcoxon rank-sum test:
T > 519,z > 293, p < 0.003). This variability was not correlated
with the FTM-TRS score nor the task performance. Similar results were
observed for the lateral and forward position and velocity with a dif-
ference for the Spearman’s correlations in the forward position where
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the variability positively correlated with the tremor score (Spearman
correlation; baseline: 0.54, p = 0.01, last block of adaptation: 0.45,
p = 0.046) and negatively with task performances during the baseline
block (Spearman correlation; baseline: —0.75, p < 1073, last block of
adaptation: —0.46, p = 0.057). We also observed trends in two other
conditions for both comparisons (p < 0.10).

2.3.3 Correlations between task performances and FTM-TRS
scores

We investigated the correlation of tremor severity with the impairment
for each task. Despite ET patients’ significant impairment of saccadic
adaptation, the FTM-TRS score (part A+B) was not correlated with the
vertical end-point at the end of the adaptation (Figure 2.5 a; Pearson’s
correlation = 0.11, p = 0.65). Concerning the force field adaptation
task, a trend between the correlation of forces and the FTM-TRS score
was observed (Figure 2.5 b; Pearson’s correlation = —0.47, p = 0.047),
suggesting that most affected ET patients were also those showing the
larger impairment in reaching adaptation. It is clear that one partic-
ipant with lowest task performance score both epitomizes and drives
this effect. One the one hand, there was no anomaly with their data
meaning that the result is likely valid. On the other hand, the corre-
lation diminished to —0.40 with a p-value of 0.11 after removing this
data point. In any case, additional data may be necessary to address
the robustness of this relationship.

Finally, we sought to quantify the differences between the two-
dimensional distributions of adaptation indices to measure the overlap
across NI and patient’s groups. We used a linear support vector ma-
chine, trained on the vertical end-point error and the continuous corre-
lations, to visualize which task performances regions were associated
with each group and quantify the overlap between the two popula-
tions taking two-dimensional linear separation in the space of adapta-
tion indices. The classifier separated our performance space into re-
duced performances in both tasks for ET patients and higher perfor-
mances in both tasks for NI volunteers, as shown in Figure 2.5 c. In this
dataset, participants classified in the blue region had an average FTM-
TRS score of 7.1 points; participants classified in the orange region had



2.3. Results 51

a
Sax:adic Adaptation b1 Force Field Adaptation
A
3 0.9 A A
c
=t 2038 42
3 A
2 £07 A
21 ©
w 0.6
0.5
0 10 20 30 40 50
FTM-TRS
c 1
O 40
0.9
Sos oC A %
2 A
[ 20
Eo7AA O o
8 z
06 = 10
&
05 A 0
1 2 3 4
End point (deg)

FIGURE 2.5: Correlation between performance and tremor score a, b,
Relationship between the score obtained during late adaptation (a, Sac-
cadic adaptation, b, Force field adaptation) and the Tremor Score mea-
sured via the FTM TRS scale (Part A+B). Each dot represents the average
score obtained over the last 10% trials. ¢, Relationship between the perfor-
mances in the two tasks for each participant. Color gradient represents the
FTM TRS Score. The separation between the two groups was computed
by training a linear support vector machine to discriminate populations
based on the scores obtained in each task (accuracy: 67.6%). Red circle
highlight a misclassification error for a less severely affected ET partici-
pant.

an average score of 18.6 points. The support vector machine leave-one-
out cross-validation accuracy was 67.6%. Classification errors mainly
occurred for patients with a lower FTM-TRS score. Misclassifications
happened more frequently for ET patients with lower FTM-TRS scores,
closer to NI participants” scores. An example of misclassification for a
less severely affected ET patient is highlighted on Figure 2.5 c.
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2.4 Discussion

Our study aimed to better understand the origin of the sensorimotor
adaptation deficits previously reported in ET patients. To do so, we
selected standard reaching and saccadic adaptation tasks known to be
altered in patients with cerebellar deficits. As expected, ET patients ex-
perienced a deficit of adaptation in both tasks when compared with the
control group. Importantly, our study revealed that the aspects linked
to the anticipation of the perturbation, namely the initial saccade slope,
the catch trials, and the initial reach angles, clearly evolved across tri-
als and were intact for ET patients. In contrast the deficits seemed to
be linked to markers of online control (intermediate saccade slopes and
correlations in the reaching task).

Our results are consistent with previous adaptation studies per-
formed with ET patients in various tasks (Bindel et al., 2022; Chen et
al., 2006; Hanajima et al., 2016; Kronenbuerger et al., 2007). Here we re-
produced the results of Chen et al. (Chen et al., 2006), and added to this
line of evidence that the impairment in adaptation in ET patients may
reflect a general sensorimotor deficit as it also impacts adaptation of
saccades despite the absence of ET symptoms in unperturbed saccades
(Helmchen et al., 2003; Wojcik-Pedziwiatr et al., 2016).

Although a linear correlation was not observed between the tremor
score and the performance in the saccadic adaptation task, a trend was
observed indicating that higher tremor score were related to lower per-
formance in the force field adaptation task. This result might be ex-
plained by the fact that the FTM-TRS scale mostly evaluates upper limb
sensorimotor function and tremor, whereas eye movements are not in-
cluded or evaluated in this clinical scale. The overall tendency was an
ordering of the patient’s group in the region of the space of parameters
used to quantify adaptation corresponding to lower performances in
both tasks.

A previous study reported an interaction between noise and adap-
tation performances (Van Der Vliet et al., 2018). They reported a de-
creased adaptation rate when execution noise (noise originating from
the sensorimotor pathway) was more important and increased adapta-
tion rate when planning noise was more important. A parallel can be
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made here between execution noise and the increased variability ob-
served in the population with ET. Interestingly, a negative trend was
observed between variability and task performances and a positive
trend between variability and tremor score for half of the metrics stud-
ied in the reaching adaptation task.

Our study is not without limitation but they may not have a strong
impact on our interpretations. First, participants did not stop their
medications before the evaluation, which may influence the FTM-TRS
score. Our analyses of the correlations between performance and the
tremor score were computed based on this score, and might therefore
suffer from the heterogeneity of patients and treatments. Severely af-
fected patients with efficient treatments might have a lower tremor
score than less severely affected patients and therefore have an impact
on the correlations computed. Accounting for the medication was how-
ever difficult due to the variety of treatments and dosages taken by
the participants. Studying sensorimotor deficits while taking medica-
tion into account is likely a challenge for prospective studies. Besides
the heterogeneity inherent with clinical population and the diversity
of treatments, our conclusions are still supported by the fact that the
components of motor control prior to the adaptation tasks were simi-
lar across groups. Another point of attention concerns the performance
of our classifier, which requires validation and should not be hastily
generalized. The classifier was used here to quantify the overlap be-
tween two distributions, and not to perform prediction on unseen data.
The performance of such an approach must be validated with larger
datasets before becoming a candidate test to improve the diagnosis of
ET. Finally, previous work has reported the existence of cognitive or ex-
plicit strategies during adaptation to force fields accounting for a frac-
tion of force produced against a force field (Schween et al., 2020). It is
clear that the initial movement angle could be composed of an explicit
component, however it was likely similar across groups and our data
do not allow us to isolate it. In addition, the main deficit again was
linked to movement control which is difficult to relate to a cognitive
bias or strategy in both tasks. We believe that quantifying the contribu-
tion of explicit components in ET is an interesting topic for follow-up
studies.

In contrast with cerebellar ataxia, patients who showed dramatic
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impairments and almost complete absence of adaptation in the tasks
performed in this present study, ET patients showed only reduced
adaptation in both tasks (Smith & Shadmehr, 2005; Xu-Wilson et al.,
2009). When comparing the results of the control group obtained by
Xu-Wilson et al. with our control group, it must be noted that adapta-
tion in this study appears to be slightly reduced. This difference could
be potentially attributed to variations in the experimental setup and
protocols. Our motivation to conduct the present study was to parse
out potential cerebellar deficits in ET patients. However, it is impor-
tant to keep in mind that even if cerebellum seems to be involved,
it does not exclude other causes. A clear difficulty in documenting
these cerebellar deficits was that cerebellum has been associated with a
wide range of sensorimotor functions, including motor adaptation and
control (Baizer et al., 1999; Ojakangas & Ebner, 1992; Smith & Shad-
mehr, 2005; Tseng et al., 2007; Xu-Wilson et al., 2009). A common
ground between adaptation and control is the use of internal models
that have been also associated with cerebellum (Diedrichsen & Bas-
tian, 2014; McNamee & Wolpert, 2019; Therrien & Bastian, 2015). It
is widely assumed that the brain uses these internal models to pro-
duce an estimation of the next state based on the current state estimate
and the sensory feedback. This estimation is required to perform fast
and accurate movements in an unpredictable environment despite sen-
sorimotor noise and delayed sensory feedback. Online monitoring of
the movement and corrections inflight linked to cerebellar mechanisms
was shown in saccadic eye movements (Crevecoeur & Kording, 2017;
Lefevre et al., 1998; Quaia et al., 1999; Schreiber et al., 2006; Xu-Wilson
et al., 2011), as well as reaching movements (Miall et al., 2007). It is
therefore possible that internal models for control hosted in cerebellum
would be responsible for tremor and for reduced online compensation
in adaptation tasks. Such internal models can take several forms, in-
cluding aspects linked to sensorimotor coordination, as well as oper-
ations linked to timing representations (Bo et al., 2008; Diedrichsen et
al., 2007; Kilteni et al., 2019; Martin et al., 1996). In this regard, it is
known that oscillations, explaining the low frequency components of
ET tremor, can arise in a system that incorrectly compensates for senso-
rimotor delays (Crevecoeur & Gervers, 2019; Stein & Oguztoreli, 1976).
Thus, we suggest that tremor arises from incorrect internal models in
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cerebellum likely associated with delay compensation, producing the
well documented oscillations and deficits in online control.

The possible dissociation between anticipation and online control is
important for interpreting ET disorders, and also potentially on the un-
derlying dysfunction of the cerebello-thalamo-cortical loop (Helmich et
al., 2013; Muthuraman et al., 2018). Our proposed interpretation is that
the cerebello-thalamo-cortical pathway conveys an estimate of the state
of the system that combines an efferent copy of motor commands with
sensory feedback and current estimates that compensates for sensori-
motor delays. When the movement was initiated from a static posture,
errors had not yet accumulated and movement started in the correct
direction, but later in the trial, the faulty delay compensation accu-
mulates errors and the closed-loop system starts producing erroneous
control signals potentially leading to oscillations. This view suggests
a very specific cause of tremor in ET patients, which is linked to er-
rors in real-time state-estimation based on internal feedback of motor
commands. Orienting future research on online feedback control in ET
should bring novel insights to validate or invalidate the hypothesis of
impaired delay compensation as candidate root cause of oscillations in
this population.

To conclude, our contribution is twofold: on the one hand we repli-
cate the presence of cerebellar-dependent adaptation deficits in ET pop-
ulation, adding to the line of evidence that this disorder is linked to
cerebellar dysfunction. On the other hand, we proposed a movement
decomposition suggesting a specific functional consequence of the al-
tered cerebellar pathways, which affects online control more than an-
ticipation.
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Erroneous compensation for
long-latency feedback delays
as origin of Essential Tremor
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Crevecoeur F, Erroneous compensation for long-latency feedback de-
lays as origin of Essential Tremor, Journal of Neuroscience

voluntary oscillations of the limbs during movement, remains to

date not well understood. It has been recently suggested that the
tremor originates from impaired delay compensation, affecting move-
ment representation and online control. Here we tested this hypoth-
esis directly with 24 ET patients (14 female; 10 male) and 28 neuro-
logically intact (NI) human volunteers (17 female; 11 male) in an up-
per limb postural perturbation task. After maintaining their hand in a
visual target, participants experienced perturbations of unpredictable
direction and magnitude, and were instructed to counter the pertur-
bation and steer their hand back to the starting position. In compari-
son with NI volunteers, ET patients” early muscular responses (Short
and Long-Latency Responses, 20-50 ms and 50-100 ms respectively)
were preserved or even slightly increased. However, they exhibited
perturbation-dependent deficits when stopping and stabilizing their
hand in the final target supporting the hypothesis that the tremor was
generated by the feedback controller. We show in a computational

E SSENTIAL tremor (ET), a movement disorder characterized by in-
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model that errors in delay compensation accumulating over time pro-
duced the same small increase in initial feedback response followed by
oscillations that scaled with the perturbation magnitude as observed in
ET population. Our experimental results therefore validate the compu-
tational hypothesis that inaccurate delay compensation in long-latency
pathways could be the origin of the tremor.

Significance Statement Essential Tremor origin remains poorly un-
derstood. In the present study, we focused on motor impairments as-
sociated with feedback control. Following a mechanical perturbation
applied to their arm, patients” short and initial long-latency stretch re-
sponses were preserved. However, we observed clear impairments
during the stabilization phase that scaled with the perturbation magni-
tude. These results were reproduced in a computational model where
delay compensation was inaccurate, suggesting that the origin of the
tremor may lie in an underestimation of the delays impacting the inter-
nal monitoring of the motor commands.

3.1 Introduction

Essential Tremor (ET), among the most frequent movement disorders
(Louis & Ferreira, 2010), typically manifests as involuntary oscillations
of the upper limbs and less frequently head, legs and trunk, mainly
during movement (Bhatia et al., 2018; Shanker, 2019). While tremor
characteristics, such as frequency and lack of impact of loading, have
been described extensively, the underlying pathophysiology remains
poorly understood (Elble, 2003). Several clinical, postmortem and
neuroimaging studies pointed out that ET could originate from the
cerebello-thalamo-cortical loop (Ibrahim et al., 2021), without charac-
terizing how the movement deficits arise from a functional perspective.
Identifying preserved and impaired cerebellar functions in ET would
therefore help to better understand the mechanisms at the origin of the
tremor (Butler et al., 2023; Louis & Faust, 2020b; Trillenberg et al., 2006).

From a computational perspective, it is well known that the pres-
ence of delays in a feedback control system can induce oscillations if
the impact of the delay is not taken into account (Miall et al., 1993; Stein
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& Oguztoreli, 1976). This parallels with the way we control our limbs.
Indeed, the sensory feedback, used in motor control, is delayed due to
the conduction time of sensory signals and motor commands through
the nerves. The delay depends on the feedback loop: in the upper-
limb, short-latency delays associated with spinal stretch reflex are in
the range of 20-30 ms, and long-latency delays involving a transcortical
loop are in the range of 50-60 ms (Scott, 2016). Importantly, it has been
also suggested that state estimation, and therefore compensation for
temporal delays, is performed in the long-latency feedback pathway
(Crevecoeur & Scott, 2013). Assuming erroneous delay compensation
in this sensorimotor system, previous simulations reproduced oscilla-
tions in the frequency range observed in ET (Crevecoeur & Gervers,
2019), allowing us to formulate the hypothesis that ET originates from
errors in the long-latency feedback loop.

Indeed, Long-Latency Responses (LLRs) refer to the burst of mus-
cular activity observed 50-100 ms (for upper-limbs) post-perturbation
(Pruszynski & Scott, 2012). This activity helps to counteract perturba-
tions and is likely supported by transcortical feedback. LLRs are not
only elicited for large perturbations but are also present for very small
perturbations, with a magnitude close to the magnitude of errors ob-
served during voluntary control (Crevecoeur et al., 2012), and parallels
unperturbed movement in the tendency to exploit target redundancy
(De Comite et al., 2021). This suggests that LLRs could therefore be
present constantly during movements to compensate for the undesir-
able effects of motor variability. If LLRs continuously contribute to
movement control, errors in this pathway could lead to general move-
ment deficits affecting both voluntary movements and feedback re-
sponses to perturbations. This hypothesis is also supported by our
previous study showing that ET patients could learn to anticipate the
effect of a perturbation but exhibited adaptation impairments linked
to online control (Blondiaux et al., 2023). Together, there is strong ev-
idence that movement execution is impaired in ET, and errors in the
long-latency feedback loop is a candidate model for their deficits.

We tested this hypothesis directly by investigating feedback con-
trol in both ET patients and in a neurologically intact (NI) control
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group using a postural perturbation task. We observed similar ini-
tial perturbation-related limb displacement and intact short (R1: 25-
45 ms post-perturbation) and initial LLR (R2: 45-75 ms), suggesting
preserved peripheral system and initial stretch responses. However,
perturbation-dependent deficits arose during the later phase of the
feedback correction and during stabilization, which followed an en-
hanced stretch response in the late LLR epoch (R3: 75-105 ms) depen-
dent on the load magnitude. We reproduced both movement kinemat-
ics and transient perturbation-related increase in the stretch response
in a computational model considering an error in the delay parameter.
Together our analyses suggest that ET could arise from partial or inac-
curate compensation of long-latency delays, leading to oscillations in
movements caused by accumulation of error over time.

3.2 Methods

3.2.1 Participants

A total of 24 ET patients (14 females, mean age: 61.1 4= 13.1) and 28 NI
volunteers (17 females, mean age: 62.7 £ 12.6) were recruited for this
study. The ethics committee at the host institution (Comité d’Ethique
Hospitalo Facultaire, UCLouvain, Belgium) approved the experimen-
tal protocol and all participants provided written informed consent fol-
lowing standard procedures. All participants were evaluated using the
Fahn-Tolosa-Marin Tremor Rating Scale (FTM-TRS) and participants
with other neurological disorders were excluded. The FTM-TRS scale
was divided into 3 sections. Part A quantified the tremor amplitude of
the limbs at rest, during postural control, and during action. Part B as-
sessed writing, drawing and pouring liquids. Finally, Part C evaluated
the impact of the tremor in daily life activities (eating, drinking, getting
dressed, working, ...) (Fahn et al., 1993). The latter part was filled by
the participant and was not considered during this study due to its in-
herent subjectivity. ET patients did not interrupt their medication prior
to the evaluation. The FTM TRS Score for part A and B was 2.3 £ 0.38
(mean + SEM) for the NI group and 21.6 & 1.98 for the ET group.
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3.2.2 Task

Participants sat on a height-adjustable chair and grabbed the robotic
handle of an End-Point KINARM device (KINARM, Kingston, On-
tario). Direct vision of volunteers” hands was blocked and a semitrans-
parent mirror that reflected the virtual reality screen (VPixx, 120 Hz),
allowing them to interact with virtual targets (Figure 3.1 a). A hand-
aligned cursor was always represented (white dot, radius 0.6 cm). The
experiment was composed of 2 trial types: voluntary movements and
perturbation trials.

Participants started with a block of 60 voluntary movements. A
home target of radius 1 cm was presented approximately 30 cm ahead
of the participant’s torso, aligned with the right hand. They had to
maintain the hand in the home target (coordinates: [x, y] = [0, 0]), after
a random time uniformly distributed between 1 and 2 sec, an exter-
nal target was lit and used as a go signal. Participants were instructed
to pass through the external target (radius 2.5 cm) and to finish their
movements inside the home target. The goal target was randomly se-
lected within 4 targets with coordinates [10,0], [-10,0], [0,7.5], and [O,-
7.5]. Each target was presented 15 times during the block. Participants
were encouraged to finish their movements in less than 2 s. This initial
block with voluntary movements was performed to collect informa-
tion about movement kinematics without perturbations, but the results
were consistent with the main experiment and with previous reports
on reaching movements in this population (Blondiaux et al., 2023). Be-
cause these results did not provide specific additional information, we
do not show the corresponding dataset here.

Perturbation trials started with the same home target (Figure 3.1
b): participants maintained the hand in the home target, after a ran-
dom time between 1 and 2 s, the robot applied a step force (rise time:
5 ms) in one of 4 directions [+X,-X,+y,-y], with a magnitude of 4, 6.5,
or 9 N. The perturbation magnitude and direction were randomly se-
lected. The participants performed a total of 300 trials composed of 25
trials per combination of perturbation direction and magnitude. The
trials were divided into 5 blocks of 60. Participants were instructed to
return and stabilize in the home target, and they received a positive
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FIGURE 3.1: Schematic representation of the protocol design and theo-
retical model. A, Prior perturbation, participants maintained the hand-
aligned cursor in the home target. Direct view of the limb was blocked
by an occluder but participants had continuous visual feedback about the
hand-aligned cursor. B, Perturbation trials started in the home target, par-
ticipants received one of three perturbation magnitudes (4, 6.5, 9N) in one
of four directions (+x,-x,+y,-y). Visual feedback about movement timing
was provided via target color (see methods). C, Model pathway adapted
from Crevecoeur and Gervers, 2019. Model compensating for the delay
in sensorimotor control. The dotted pathway corresponds to the sensory
feedback, the dashed pathway corresponds to the internal prior and the
orange pathway correspond to the delay compensation that is suspected
to be faulty in ET. A; and B; define the dynamics of the model, dt is the
time step, 4t the system delay and K are the Kalman gains. For clarity, we
omitted the explicit dependencies of M on ét and K on ¢, see methods for
variable and matrices definitions.
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mark indicating good performance (target turned green) if they com-
pleted their movement in less than 3 s. The total score was projected on
the screen for their motivation. When movements were too slow, the
target remained red. Trial timed out after 3 s if the participant was not
able to stop their hand. The criterion on movement time was applied
to encourage consistent speeds, but all movements that returned to the
target were kept for analyses. The step force turned off at the end of the
trial and the inter-trial time was 1 s. Participants were encouraged to
take short breaks between the blocks to reduce fatigue (15 s to 2 min).

For the perturbations along the y-axis, we did not observe any sig-
nificant scaling of the EMGs with perturbation magnitude both in the
NI and ET group. This was likely due to participants” limb configura-
tion (the arm and forearm were approximately vertical and horizontal,
respectively) and of the action of gravity, which in this direction pas-
sively brought the hand back to the initial position. Thus, although all
perturbations were applied during data collection to reduce anticipa-
tion, the following analyses focus on the positive and negative pertur-
bations along the x-axis, for which we collected a clear EMG response
that scaled with the perturbation magnitude.

3.2.3 Data collection and analysis

Kinematics data was filtered using a dual pass 4th order low pass But-
terworth filter with a cut-off frequency of 20 Hz. Movement velocity
was extracted using KINARM's data extraction scripts (version 3.1)
and movement path lengths were defined as the integral of the veloc-
ity vector norm. Movement onset and end were defined using a speed
threshold of 3 cm/s for at least 200 ms. Movements were included in
the dataset if the participant returned to the target after perturbation.
Movements oscillating around the target at the end were also included
in the analysis when possible. Based on these criteria, we kept all trials
for ET participants and removed 1 trial for two NI volunteers who did
not return to the target. NI volunteers managed to stop all their trials at
the end of the trial time, while on average, ET participants managed to
stop for a fraction of trials corresponding to 89.42% 4= 4.36% of the total
number of trials. The return time was defined as the duration between
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perturbation onset and the moment when the hand re-entered the tar-
get. The stabilization phase was defined as the remaining duration of
the trial. The Power Spectral Density (PSD) was computed on the accel-
eration signal during the stabilization phase, and averaged across per-
turbation trials of similar direction and force magnitude. Subsequently,
the average PSD for each participant was averaged across populations
(NI and ET), and normalized to the peak PSD observed in ET patients.

Surface EMG electrodes (Bagnoli surface EMG sensor, Delsys INC.
Natick, MA, USA) were used to record the muscular activity during
movement. The 6 electrodes were located on the Pectoralis Major (PM),
Posterior Deltoid (PD), Biceps, Brachialis, and Long and Lateral heads
of the Triceps. The electrodes were attached after light abrasion of the
skin with cotton and ether. A conductive gel was used to improve data
quality. The EMG data was sampled at a frequency of 1000 Hz. The
reference electrode was located on the right ankle. Raw EMGs were
filtered using a dual pass 6th order Butterworth filter with a passband
frequency range of 20 Hz to 250 Hz, rectified and aligned on the pertur-
bation onset for analyses. To normalize EMG data, participants had to
apply a force of 15 4+ 1 N during 3 s on the handle which was locked by
the robot for this calibration procedure. A force gauge was displayed
on the screen to help applying the target force. Calibration blocks of 12
trials (3 trials in each direction: +x, £y (unused)), were used at the be-
ginning, middle and end of the experiment (3 blocks in total). We nor-
malized the EMG of each muscle by dividing the signals by the mean
value across the calibration trials.

3.2.4 Statistical Analysis

Comparisons across ET and NI populations were performed based on
linear mixed models (LME). The fixed predictors were the perturba-
tion Direction (2 level categorical factor, -x or +x) and Force (numerical)
as well as the Diagnosis (2 level categorical factor, NI or ET), plus a
random intercept to capture inter-individual variability. We use Y;; to
designate the dependent variable of interest, with index i correspond-
ing to the trial number and j to the participant. We used a significance
threshold of 0.05 given the higher variability inherent with clinical pop-
ulation, as well as with the between-participants design. LME were
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used for the kinematics analyses with Yj; representing respectively for
the movement phase the pre-perturbation average speed, displacement
at 100 ms, maximum displacement, path length and return time and
for the stabilization phase, the stop time, maximum displacement, and
path length. LME were also used in the EMGs analyses for the average
EMG activity prior the perturbation (-50-0 ms), short latency (R1:25-45
ms), and long-latency bins (R2:45-75 ms and R3:75-105 ms). Effects of
the direction and the force (p-value smaller than 1073 in all tests) will
not be reported. The statistical model can be written as follow:

Yij = Po+ B1* Direction + By * Force + B3 Diagnosis
+ B4 * Diagnosis * Force + b;j+¢€;;. (3.1)

3.2.5 Model

We reimplemented the model described in Crevecoeur and Gevers, and
refer the reader to this reference for a fuller description (Crevecoeur &
Gervers, 2019). The simulations describe feedback control of a single
joint system (Figure 3.1 c). We considered three torque loads acting on
the system: a dissipative torque opposite and proportional to the veloc-
ity with a constant G = 0.14 Nm/rad/s (Crevecoeur & Scott, 2014), a
controlled torque T and an external torque T,;. We considered a first-
order filter as linear model of the muscle, transforming the command
u(t) into the control torque with a time constant T = 60 ms. The system
dynamics is captured by the following system of continuous differen-
tial equations:

10 = —GO+ T + T.y, (3.2)
tTT=u—-T, (3.3)
Text =0, (34)

with the inertia set to I = 0.15 Kgm?, the joint angle 6, and
dots represent time derivatives. We defined the state vector x () =

[0 6 T T " and rewrote the three equations as follows:

dx(t) = (Ax(t) + Bu(t))dt + a(t)dW, (3.5)
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with:
0 1 0 0 0
o =6/ 11 11, o
A=10 0o -1/t o |'B7|1/e (3.6)
0 0 0 0 0

The sensory feedback was defined as follows:
y(t) =x(t —t) +o(t). (3.7)

In Equation 3.5 and 3.7, « (t) dW represented signal-dependent and
additive sources of noise, y (t) was the current sensory feedback sig-
nal, x (t — 0t) the delayed state with 6t = 55 ms, and the sensory noise
o(t) ~ N(0,X,). We augmented the state with the target coordinates
x*(t). We then discretized the system using a discretization step of
dt = 5ms. The system became:

Xipdr = Adxt + B,ﬂ/lt + Ct, (38)

Y= Xyt wy, (3.9)

where Ay = M(dt), By = ( J M(s)ds) B, M(t) = e, & =

a(t)dW and h = ot/dt. Because of delayed and noisy sensory feed-
back, we needed to compute an estimate of the state vector:

Rivar = Aa®t + Byur + Ky [fqy - % } p (3.10)

where we define the prior estimate as x, = A;%; + Byu;. The Kalman
gains K; were computed using a forward recursion.

This formulation differs from the standard definition of predictive
Kalman filter, by incorporating an explicit extrapolation of the system
state given present sensory feedback. Indeed, the standard form of
Kalman filters uses an innovation sequence for the non-delayed case
equal to y; — £;. Here, because y; is a delayed state measurement, it
is possible to extrapolate this information and compute the current ex-
pected state given y;, the knowledge of limb dynamics and the motor
commands during the delay interval. This extrapolation is either per-
formed recursively based on system augmentation, or explicitly in the
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formulation that we have chosen here which corresponds to finite spec-
trum assignment (Mondie & Michiels, 2003). With the discrete time
system equations, the extrapolation of delayed sensory signals to the
present state takes the following form:

h
Ry = M(6t)y+ ) M(kdt)Bu(t — kdt)dt. (3.11)
k=1

In the sequel, we assume that this operation is performed with a value
of the delay 4t that underestimated the correct value. Recall that, in ad-
dition to the explicit dependency of 4t on M, the motor commands were
integrated over a smaller delay interval, & being the delay in discretized
time steps. Observe this filter is equivalent to a standard Kalman fil-
ter when the delay 6t = 0as £, = y:. Itis also similar to system
augmentation (Crevecoeur & Scott, 2013; Fridman, 2014), where the es-
timation of the system state during the delay interval results from the
augmented structure of the state vector. It is important to emphasize
that we assumed an output signal of the form of Equation 3.9. If a more
general output signal in the form y/(t) = Hx (t — 6t) 4+ o(t) must be
considered, then it is possible to reconstruct an estimate of the state
vector at t — 6t with an observer prior the extrapolation step. Such in-
termediate observer would produce an estimate of the state that corre-
sponds to Eqn. 3.9.

In order to calculate the control signal, we minimized a quadratic
cost function penalizing position and velocity error (first term) and con-
trol (second term), which writes as follows:

N-1
J(x,u) = E |xL,Qnxn + Z xI Quxy 4+ ul Ry |, (3.12)
t=1

with R = 1072 and x"Qx = w(x; — xf)2 + wy(x2 — x3)?, with
w = [100,0] for t < N and w = [100, 10] for t = N.

Based on these assumptions, the optimal motor commands were de-
fined as uy = —L;%;. The optimal feedback gains L; were obtained via
a backward recurrence following standard technique. For the simula-
tions, to capture errors in the delay estimation, we considered a case for
which the delay (6t = 55ms) was underestimated. We used 5t = 0.76t
and h = 0t/dt in Equation 3.11, with  rounded to the closest integer.
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A delay error of 70% was used to match qualitatively the experimen-
tal data and verified in a sensitivity analysis that our conclusion did
not depend on this choice. For the simulations with noisy underesti-
mation of the delay we added or removed up to 10ms to the estimated
delay. The noise was randomly and uniformly selected from the set
-10, 5, 0, 5, 10ms. For the simulations with an error in the prior esti-
mate (Eqn. 3.10), we multiplied it by a factor larger or lesser than 1
(1.1 and 0.7, respectively). Note that this is not equivalent to multi-
plying A; and By by a scaling factor, as these matrices are also used
in the delay compensation step (Figure 3.1C). The step perturbations
amplitudes were 1, 2 and 3 Nm applied at 50 ms. Movement duration
was of 800 ms. The figures were produced using the average across
20 simulations in each condition. Similar to the data, the PSD of simu-
lated traces was computed on the acceleration during the stabilization
phase and averaged over trial repetitions then perturbation magnitude.
Then, the PSD was normalized using the maximum PSD value from
the simulations obtained with an error in the delay. An access to work-
ing code for the model simulations is provided at the following URL:
github.com/fblondiaux/ErroneousDelayCompensationET. The exper-
imental dataset can be accessed at doi.org/10.5281/zenodo.10843311.

3.3 Results

We studied the ability of ET patients (n=24) and NI volunteers (n=28)
to respond rapidly to step perturbations of various directions and am-
plitudes. After holding the handle of a robotic arm in the initial visual
target, participants were instructed to counter the perturbations and
steer their hand back to the initial target (Figure 3.1). Four directions
and three force magnitudes were used for this experiment with a to-
tal of 300 randomly interleaved trials (25 repetitions per direction and
magnitude). The analyses focus on the lateral perturbations (aligned
with positive and negative values along the x-axis, 150 trials, see meth-
ods).

Figure 3.2 A-C provides an overview of the hand traces of an ex-
emplar participant of each group for each perturbation. Initially, the
perturbation had a similar effect on the ET participants, however, once
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FIGURE 3.2: Perturbation trials, ET patients” difficulties in the stabiliza-
tion phase are increased with perturbation magnitude. A, Exemplar par-
ticipants” hand path during the last perturbation trial, the 2 analyzed di-
rections and 3 amplitudes are represented. B, Distance in the X-axis of the
exemplar hand path for the 9 N -x perturbation. C, X-Velocity profile of
the same trials. B, C, Dot: time at which the hand re-entered the target for
the first time; Bar: movement stop condition met: velocity<3 cm/s for at
least 200 ms (see Methods). D, Pre-perturbation average speed, averaged
over all perturbation magnitudes, gray dots represent individual behav-
ior. E-H, Movement phase, prior first target crossing. E, Distance of the
hand from the target center at 100 ms. F, Maximum displacement, G, Path
length H, Time elapsed between perturbation onset and first target cross-
ing. I-K, Stabilization phase. I, From target re-entering, time required to
stop the hand in the target J, Maximum displacement from target center
along the X-axis. K, Path length. E-K, Metrics computed on all -x per-
turbation trials for each perturbation magnitude. Error bar represents the
SEM. Light lines represent individual behavior.
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participants returned to the target and tried to stop their movements,
oscillations around the target became visible. We observed a slightly
larger pre-movement speed explained by oscillations within the target
in some heavily affected patients, resulting in a significant effect of the
diagnosis (Figure 3.2 D; LME: Diagnosis: F5p) = 2.39, P = 0.02). We
decomposed movements in two phases: movement and stabilization,
with the cut-off being the first time the participant re-entered the target.
Concerning the movement phase, the perturbation initially impacted
ET patients and NI volunteers in a similar way. There were no signif-
icant differences in hand displacement at 100 ms (Figure 3.2 E; LME:
Diagnosis: F5p) = 0.32, P = 0.75; Diagnosis x Force: F743) = 1.68,
P = 0.09), in maximum hand displacement (Figure 3.2 F; LME: Diagno-
sis: F(50) = 0.29, P = 0.78; Diagnosis x Force: F(7743) = —1.79, P = 0.07),
in path length (Figure 3.2 G; LME: Diagnosis: Fs0) = 025, P = 0.80;
Diagnosis x Force: F73) = —1.05, P = 0.29) and return time (Figure
3.2 H; LME: Diagnosis: Fi5g) = —0.46, P = 0.65; Diagnosis x Force:
F7e3) = 0.11, P = 0.92). However, during the stabilization phase, ET
participants faced clear difficulties, with a longer stopping time (Fig-
ure 3.2 I; LME: Diagnosis: F(SO) =283, P < 1073 Diagnosis x Force:
F(7362) = 5.05, P < 10~%), larger oscillations defined as maximum dis-
placement during the stabilization phase (Figure 3.2 J; LME: Diagnosis:
F(s0) = 0.44, P = 0.67; Diagnosis x Force: F(7743) = 3.66, P < 10~%) and
increased path length during that phase (Figure 3.2 K; LME: Diagnosis:
Fis0) = 2.18, P = 0.03; Diagnosis x Force: F7743) = 4.94, P < 10~%).
The interaction between the diagnosis and the force magnitude indi-
cated that performances of the stabilization phase significantly wors-
ened with perturbation amplitude for the three stabilization measures.

In addition to the hand kinematics, we recorded surface muscular
activity. We present here recordings of the Pectoralis Major and the
Deltoid, respectively the shoulder flexor and extensor stretched by the
perturbations aligned with the x-axis. No group effects were observed
prior to the perturbation (-50-0 ms; LME: Diagnosis: Fio) = —0.89,
P = 0.38). The initial reflexes elicited by the perturbation were stud-
ied and compared between groups shortly after its onset (Figure 3.3).
No significant differences between groups were observed in the short
latency window (R1: 25-45 ms; LME: Diagnosis: F(50) =0.11, P = 0.91;
Force: Fi7743) = 4.02, P < 1074 Diagnosis x Force: F73) = 1.05,
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FIGURE 3.3: Short and Long-Latency responses in the perturbation tri-
als. A, Early deltoid EMG responses averaged over each group for the
3 perturbation magnitudes aligned with negative direction of the x-axis.
Vertical lines delineate the different time windows analyzed. B-D, Binned
data over the different time windows for the 3 perturbation magnitudes.
Average baseline (-50 to 0 ms) was subtracted from the data for illustra-
tion purpose. Error bars represent the SEM. Light traces depict individual
behavior. E-H, Pectoralis response for the perturbations aligned with the
positive x-direction. Same format as A-D.

P = 0.30) and during R2, the first part of the long-latency window (45-
75 ms; LME: Diagnosis: F50) = 0.43, P = 0.74; Force: F7743) = 4.02,
P < 1074 Diagnosis x Force: F773 = —0.06, P = 0.95). Note that
the absence of significant differences between NI and ET in R1 and R2
is not due to an absence of response as we observed a strongly signif-
icant effect of the Force on the muscular activity. Differences between
the two groups are visible starting from R3, the second part of the long-
latency window (75-105 ms; LME: Diagnosis: Fzpy = 0.73, P = 0.47;
Force: Fi7743) = 4.02, P < 1074 Diagnosis x Force: F743) = —3.66,
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P < 107%). These results suggest similar initial response following per-
turbation and highlight intact proprioception in ET. Impairments are
visible in the late long-latency responses (LLRs), from 75ms. Surpris-
ingly, this difference was associated with a slightly larger R3 response
in the ET group, which was dependent on the perturbation magnitude
as indicated by the interaction term. We demonstrate below that this ef-
fect is in fact expected in theory, assuming partial delay compensation
in ET.

Computational model of feedback control in ET

In order to describe the behavior of ET patients from a theoretical per-
spective, we reproduced our experimental observations with a closed
loop control model featuring a state estimator that compensates for
sensorimotor delays. We modeled a Linear-Quadratic-Gaussian (LQG)
controller taking into account delayed sensory feedback (Fig 3.1 C: dot-
ted line) and internal representation of the body dynamics (Fig 3.1 C:
dashed line) to produce an optimal motor command. The delay in the
sensory feedback is compensated by extrapolating the sensory feed-
back over the delay interval (Fig 3.1 C: orange line), which is performed
explicitly in this approach to study the impact of errors in this opera-
tion. We considered a scenario in which the sensory feedback delay
was underestimated by the controller: the value of the delay used in the
controller was 70% of the system’s delay (6t = 55 ms, t = 0.75t). This
model previously showed that a mismatch in the state estimator asso-
ciated with long-latency delays could also produce oscillations (Creve-
coeur & Gervers, 2019).

In such case, the simulations for which the delay was underesti-
mated produced trajectories bearing striking similarities with those of
ET participants. Initially, the arm angle and angular velocity matched
the simulations with no errors in delay estimation. We can notice a
slightly smaller maximum hand deviation in the underestimated case,
a trend that was also observed in the experimental results for the ET
population (Figure 3.2 F). An overshoot was observed when bringing
the hand back to the target and was followed by oscillations during the
stabilization phase (Figure 3.4 B and C). Oscillations amplitude scaled
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FIGURE 3.4: Computational model of feedback control in ET. A, Simu-
lations of step perturbations in a single joint system. B-E, Model under-
estimating the sensory delays (0t = 0.76t, orange) and model with no
delay estimation error (6¢ = 55 ms, blue). B, Elbow joint angle following
perturbation (1, 2 or 3 Nm). Insets represent the estimated state over the
long-latency windows for the larger perturbation. C, Elbow joint angular
velocity following perturbation. Inset same as B. D, Average normalized
power spectral density across all perturbations for the simulated (left) and
experimental (right) data. E, (Left) Average control signal for the 3 pertur-
bation magnitudes ([1, 2, 3] Nm). Detail of the R2 (45-75 ms, middle panel)
and R3 (75-105 ms, right panel) long-latency Windows. Additional traces
on the right panel represent the most extreme slope changes following
changes in delay and inertia values. Lower limit: I = 0.2 Kgm?, §t = 45
ms. Higher limit: I = 0.1 Kgm?, 6t = 65 ms.

with perturbation magnitude and their frequency matched the oscilla-
tions observed with our participants; with a higher power spectral den-
sity for ET patients in the range 0 to 15Hz (Figure 3.4 D), and a peak
frequency located around 4Hz as in the data. The motor commands
produced by the model during the LLR window showed no difference
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during R2, and early differences in R3, similarly to what was observed
between NI and ET participants (Figure 3.4 E). This effect was robust
as the presence of oscillations and increased gains persisted even when
varying parameters such as delay and inertia. Simulations with pa-
rameters leading to the most extreme changes of slopes are visible on
Figure 3.4 E.

We then assessed the sensitivity of the model properties as a func-
tion of different parameters. First, we observed that the main frequency
of the oscillations remained unaffected when varying the limb inertia
(Figure 3.5 A), which reminds ET as tremor frequency is also unaffected
by arm loading (Elble et al., 1994). Similarly, varying the delay or delay
error had an effect on the amplitude of the oscillations, while keeping
the same tremor frequency (Figure 3.5 B&C). To identify the origin of
these oscillations, we separated the contribution of a delay estimation
error solely in the extrapolation of the state (first term of eq. 3.11) with
an error solely in the extrapolation of motor commands (second term
of eq. 3.11). We observed that the oscillations mainly arose from er-
rors of the latter component (Figure 3.5 D-G). These results confirm the
possibility that the initial pass through the state estimator produced
comparable responses, as reflected by intact R2 responses, but errors
accumulated over time due to the underestimation of the delay in the
extrapolation of motor commands, resulting in oscillations during the
later phases of the corrective movement.

All simulations above considered a static error in the delay param-
eter. To investigate the effect of a noisy error in the delay, we consid-
ered a delay composed of a fixed, or mean error, plus a random error
drawn from uniform distribution (see Methods). Interestingly, simula-
tions exhibited similar oscillations around the target, and an increase in
the early response component compatible with the increase measured
in R3. In contrast, a random delay error in the absence of a mean er-
ror did not produce oscillations. Thus, it seemed that the mean of the
error was more important than a random source of the error, however
a fuller treatment of random delay errors with more general sources of
noise is needed in future studies.

Finally, we investigated the possibility that oscillations arose from
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errors in other parameters of the model and discuss their link to the dif-
ferent pathways associated with state estimation. First, an up- or down-
scaling of the Kalman gains accelerated or slowed down the model re-
sponse to the perturbation, but it did not produce any oscillation. Then,
we introduced an error in the prior estimate, x, (Eqn. 3.10, Figure 3.5
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FIGURE 3.5: Sensitivity analyses of our feedback control model of ET. A,
Variation of PSD under different values of inertia for the model underesti-
mating the sensory delays (6t = 0.75t, orange) and the model with no de-
lay estimation error (6t = 55 ms, blue). B, same as A for different values
of delay (6t=45ms/55ms/65ms). C, Effect of different delay errors on the
PSD. D-G, Impact of the origin of the delay estimation error. Three cases
were considered: an error (0t = 0.74t) solely in the extrapolation of the
sensory feedback over the delay interval (light grey), an error (5t = 0.75¢)
solely in the extrapolation of the motor commands (dark grey), or no er-
rors (6t = Jt) in delay estimation (blue). D, Elbow joint angle following a
2Nm perturbation. E, Average normalized power spectral density across
all perturbations. F-G, Average control signal for 3 perturbation magni-
tudes ([1, 2, 3] Nm). E Detail of the R2 (45-75 ms) and G, R3 (75-105 ms)
Long Latency Windows. H-I, Impact of an error in the prior estimate x,.
Three cases considered: underestimation of the prior estimate (x}, = 0.7x,
light gray), overestimation of the prior estimate (x,/ = 1.1x,, dark grey)
or no error (x,/ = xp, blue). Subpanels same as D-G.

H-K). When an overestimation was made, it reproduces a slight in-
crease in the R3 response, as observed in experimental data. However,
it did not lead to oscillations and while the system was unable to reach
back to the target (Fig. 3.5 H). We noted that testing higher values of
multiplicative errors produced numerical instability (the scaling factor
was 1.1). Conversely, underestimating the prior produced oscillations
at a lower frequency than observed in ET, and was associated with a
decrease in the initial response, which was incompatible with our ex-
perimental observations. Finally, we introduced errors in the internal
models underestimating A, or B; following previous work (Takei et al.,
2021). An error in these parameters produced effects that were gener-
ally not compatible with the data, except for B; which impacted the
same summation as the delay (Eqn. 3.11). As these parameters impact
all operations, we privileged the delay error that had a more specific
role in the feedback pathway.

To summarize, based on oscillations and the transient increase in
control responses observed in R3 for patients, we conclude that an er-
roneous delay estimation appears was the only hypothesis that repro-
duced all experimental features observed in ET patients while varying
a single parameter.
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3.4 Discussion

We investigated the hypothesis that ET originates from an erroneous
compensation of the sensory delays. With a postural perturbation task,
we observed feedback control impairments in the ET population. The
initial impact of the perturbation was similar for the ET and NI volun-
teers, in the kinematics as well as the initial stretch responses. However,
ET patients experienced perturbation dependent deficits when stabiliz-
ing their hand in the target, and they exhibited an increased R3 long-
latency response suggesting errors in the feedback controller. We repro-
duced these results with a computational model erroneously compen-
sating for long-latency delays. The simulations were performed with
a value of the delay that was smaller than the true delay, producing
an intact initial response to the perturbation followed by an accumu-
lation of errors over time that led to impaired feedback control and to
the emergence of oscillations that scaled with the force magnitude and
matched the frequency of oscillations measured in ET patients.

To identify which pathway is affected in ET, we can divide our com-
putational model into 3 main processes: 1- the processing of the afferent
sensory information, 2- the prior estimate of the state of the system and
of the environment (such as the external torque, estimated), 3- and fi-
nally the delay compensation pathway requiring internal monitoring
of the effect of motor commands during the delay interval. Our re-
sults suggest that the sensory feedback is intact in ET. Indeed, because
we did not observe any difference in short-latency response, and early
long-latency responses (R2), we can conclude that the peripheral sys-
tem and the early components of the stretch responses are preserved
in ET. This result is also consistent with a recent study reporting intact
proprioception in ET patients (Butler et al., 2023). Regarding the prior
estimate of the state, simulations revealed that introducing an error that
over or underestimate the prior did not reproduce the oscillations cou-
pled with the increased R3 response observed in ET (Fig. 3.5 H-K).
Additionally, in our previous study, we reported motor adaptation im-
pairments in ET. The anticipation of the perturbation was preserved
while the metrics related to motor control were impaired (Blondiaux
et al., 2023). Their ability to anticipate an external disturbance suggests
the preservation of patients’ ability to form an internal prediction of
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their movement even in the presence of a perturbation.

Thus, on the one hand, it is possible that both internal priors and
sensory feedback are preserved, while, on the other hand, we observed
clear deficits that could be linked to the feedback controllers as they
scaled with the perturbation magnitude. The third model compo-
nent, linked to the internal monitoring of motor commands, becomes a
unique candidate pathway to account for sensorimotor deficits in this
population: it is clearly a component of the state estimator, and there-
fore, of the feedback controller, and can be dissociated from both the
sensory system and the formation of internal priors. Moreover, a selec-
tive alteration of the operation performed in this component produced
all features observed experimentally, namely preserved R2 response,
increased R3 response and impaired stabilization scaling with pertur-
bation magnitude. However, it is important to note that, while an error
in delay estimation is also affecting the pathway processing the sen-
sory feedback, we observed that errors solely in this pathway does not
lead to the emergence of oscillations. Consequently, we concluded that
the impairment was attributable to the erroneous integration of motor
commands. A clear added value of our modeling work is to provide
a quantitative model of ET based on the simple assumption that their
feedback control is not well adjusted to the true value of long-latency
delays.

Considering some quantitative differences between our results and
the simulations, a note of caution is warranted. First, an approxima-
tion of body dynamics was used in our model for the derivation of the
controller. The simulations reported in this study are a simplified ver-
sion of the task as we only modeled single-joint movements around
a fixed axis. Our participants performed movements in the 3D space
using the handle of the robotic device and therefore responded to the
perturbation using more than one joint. In addition, the muscular ac-
tivity collected during the experiment and the control signal extracted
from the simulations did not fully match in terms of temporal profiles.
Indeed, the model did not take the details of non-linear muscle dynam-
ics into account nor the effect of antagonist muscles. In spite of these
differences, the range of oscillations frequencies was similar across sim-
ulations and data, suggesting that the net effect of the muscle responses
may correspond to the simulated control signal.



3.4. Discussion 79

Despite these simplifications, we did observe an increase of the R3
responses both in the experimental data and the simulations, an effect
that remained present even when varying several simulation param-
eters such as the limb inertia, the value of the delay or delay error.
While the estimation of the perturbation magnitude was intact, sim-
ulations revealed that the velocity was overestimated starting already
~70 ms following the load onset (Figure 3.4 B & C) which resulted in
an increased gain in the response despite a small underestimation of
the position.

Based on these results, a next challenge is to identify the neural
pathways behind these operations to better identify the origin of the
deficits in ET. To date cerebellum is one of the main candidates. Tradi-
tional views of the role of cerebellum in motor control have considered
that this region was involved in forward models (Kawato, 1999). How-
ever, it has been also associated with state estimation (Diedrichsen &
Bastian, 2014; Franklin & Wolpert, 2011; Miall et al., 1993; Wolpert, Mi-
all, & Kawato, 1998), which is a component of feedback control mod-
els and of LLR (Crevecoeur & Scott, 2013; Todorov & Jordan, 2002).
We also know from human and animal studies that a suboptimal state
estimation leads to incorrect movements or oscillatory behavior (Fla-
ment et al., 1984; Miall et al., 2007; Takei et al., 2021). Interestingly,
limb-imposed displacement induces changes in cerebellar nuclei activ-
ity within 70 ms, aligning with the timing of the long-latency pathway
(Strick, 1983). In addition, severe cerebellar dysfunction induced by
cerebellar ataxia or dentate nucleus cooling in monkeys is known to re-
duce drastically LLRs responses (Kurtzer et al., 2013; Meyer-Lohmann
et al., 1975), making this structure a contributor to long-latency feed-
back pathway. Thus, the functional implication of cerebellum in LLR,
and the possibility that the corresponding operation corresponds to
state estimation, is in our view the candidate mechanism that is poten-
tially altered in ET, while other cerebellar functions linked to forward
models and anticipation may be preserved in this population (Blondi-
aux et al., 2023).

We suggest that instead of a severe cerebellar disruption leading to
a substantial response attenuation as reported in cerebellar ataxia, ET
could originate from subtle and partial cerebellar dysfunction such as a
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small mismatch in delay estimation that is enough to produce sensori-
motor deficits. This error in delay estimation does not affect the initial
pass of the sensory feedback through the state estimator as observed
with the intact initial responses, compatible with the observation that
peripheral and spinal contributions seemed intact (R1 and R2). Yet, the
accumulation of errors with multiple passes through the state estima-
tor generated oscillations. Future studies should be performed to re-
late this functional hypothesis with the anatomical structures behind it
using for example neuroimaging. Interestingly, the link between state
estimation and cerebellum as well as its involvement in LLRs aligns
with numerous indicators of a cerebellar origin in ET as highlighted by
neuroimaging studies (Holtbernd & Shah, 2021; Mavroudis et al., 2019;
Pietracupa, Bologna, Tommasin, Berardelli, & Pantano, 2021; Tikoo et
al., 2020), as well as postmortem studies (Louis et al., 2007; Louis &
Faust, 2020a) which report pathological cerebellar changes in ET.
Overall, this study reported intact short and initial long-latency re-
sponses in ET during a postural perturbation task. However, perturba-
tion dependent deficits were observed when ET participants stabilized
their hand in the home target, confirming impairments in feedback con-
trol. Based on computational modeling, we suggest that these deficits
may stem from an erroneous compensation for sensorimotor delays,
attributed to an underestimation of the delay by the controller.
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3.5 Supplementary Material

In addition to testing errors in estimating the feedback delay, we tested
whether patients’” behavior could originate from other error sources.

First, we generated errors in the state estimation by altering the
Kalman gains by a scaling factor (0.2 or 2.5) with a perturbation load
of 3 Nm and observed that none of these modifications generated any
oscillation (see Figure 3.6 A-C ). When the Kalman gains were down-
scaled, the response to the perturbation was reduced due to the smaller
influence of sensory feedback, which was not consistent with our data
in which we observed similar R2 and increased R3 response. In con-
trast, an increase in the Kalman gains increases the sensibility to noise,
as reflected by an increased tail of the power spectral density (PSD),
without affecting significantly R2 and R3 responses. These simulations
did not produce oscillations. Thus, the dissimilarity between these sim-
ulations and our results suggest that this possibility is not a good can-
didate to explain patients’ behavior.

Besides, we also introduced errors in the internal model by under-
estimating A; or B;. Using the same technique as in (Takei et al., 2021),
we multiplied A; or B; by a scaling factor (0.5). Oscillations obtained
when underestimating A; were also associated with a reduced initial
response in R2 and R3, incompatible with experimental data. Errors in
the matrix B; reproduced a similar behavior as reported in erroneous
delay estimation (see Figure 3.6 D-F). In fact, this result is expected as,
by underestimating B;, we not only introduced an error in the prior es-
timate but also in the compensation for sensory delays. Indeed, when
down-scaling B;, we also reduced the term that extrapolates past esti-
mates over the delay interval (equation 3.11), leading to similar effect
as when the delay was underestimated. In addition, A; and B; impacts
almost all stages of the processing, making the interpretation more dif-
ficult and not specific to a given pathway. Furthermore an error in the
internal model would be incompatible with our previous study which
indicated preserved anticipation of the perturbations during a motor
adaptation task, suggesting that forward models were not primarily
impacted in ET (Blondiaux et al., 2023).

Based on oscillations and the transient increase in control responses,
we concluded that an erroneous estimation of the delay was the best
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hypothesis that reproduced all features of patients” behavior. Even if
other combination can likely reproduce similar trajectories, the advan-
tage of this hypothesis was that it involved an error in a single param-
eter.

Impact of an error in the kalman gains
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FIGURE 3.6: Impact of errors in the computational model of feedback con-
trol. A-C, Impact of an alteration of the Kalman gains. Three cases consid-
ered: downscaling of the Kalman gains (K’ = 0.2K, light grey), upscaling
of the Kalman gains (K" =2.5K, dark grey), no errors (blue). A, Elbow joint
angle following a 3 Nm perturbation. B, Average normalized power spec-
tral density across all perturbations. C, Average control signal for 3 per-
turbation magnitudes ([1, 2, 3] Nm). Left, Detail of the R2 (45-75 ms) and
Right, R3 (75-105 ms) Long Latency Window. D-F Impact of an error in
the internal model. Under-estimation of A or B were considered (A’=0.5A,
light grey, B’=0.5B, dark grey). D-F same format as A-C.
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Chapter 4

Decreased
cerebello-thalamo-cortical
functional connectivity and
thalamic subnuclei atrophy in
Essential Tremor

terized by tremor during voluntary movements, remains poorly

understood. Prior research suggested a pivotal role of the cere-
bellum and its connections with the cortex in tremor genesis. In this
study, we investigated volumetric and functional connectivity changes
in ET patients and assessed their relationship with behavioral mea-
surements of the tremor collected outside of the scanner. Nineteen
ET patients and 19 age-matched Neurologically Intact (NI) volunteers
underwent a 3 T MRI protocol, which included a 3D T1-weighted se-
quence for volumetric analyses, resting-state functional MRI and three-
dimensional multi-echo gradient echo sequence used for manual seg-
mentation of the Dentate Nucleus (DN). Tremor severity was assessed
using the Fahn-Tolosa-Marin tremor rating scale (FTM-TRS) and quan-
tified using accelerometers attached to the fingertips of participants
during the clinical assessment. We used a seed-based approach to
study the functional connectivity of the dentate nucleus (DN), the main
output of the cerebellum, and showed that a more precise segmentation

THE origin of Essential Tremor (ET), a movement disorder charac-
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of the DN did not influence the results significantly when compared to
using the DN region from the SUIT cerebellar atlas as a seed. DN func-
tional connectivity was significantly decreased in the ET group with
cortical, subcortical, and cerebellar areas when compared to NI par-
ticipants. Connectome-based analyses, in which no specific region is
considered a priori, reinforced these results showing group differences
of functional connectivity between thalamus and cortical areas. Ad-
ditionally, we observed a correlation between the FTM-TRS score and
reduced functional connectivity between the thalamus and the cerebel-
lum. Using Connectome Predictive Modeling (CPM), we were able to
predict the FTM-TRS score and the average power spectral density of
the tremor in ET patients. Finally, we found a significant correlation
between the FTM-TRS score and atrophy in several thalamic subnuclei.
Overall, our findings provide compelling evidence that the functional
connectivity of the cerebellum and thalamus, as well as atrophy in the
thalamic subnuclei, are associated with Essential Tremor.

4.1 Introduction

Essential tremor is one of the most frequent movement disorders affect-
ing around 0.9% of the general population (Louis & Ferreira, 2010) and
up to 4.8% of people above 65 years old (Benito-Leén et al., 2003). ET
typically manifest with bilateral upper limb postural or kinetic tremor
disrupting daily life activities. The tremor frequency typically ranges
from 4 to 12 Hz. However, the tremor can also spread to other re-
gions affecting the head, tongue, torso, lower limbs or voice (Clark &
Louis, 2018; Gruol et al., 2016). The mechanisms underpinning this
disorder remains poorly understood although the cerebello-thalamo-
cortical pathway has often been identified as a potential circuit respon-
sible for tremor genesis (Holtbernd & Shah, 2021). Postmortem studies
also reported cerebellar abnormalities in ET patients (Cerasa & Quat-
trone, 2016; Pan & Kuo, 2022).

Magnetic resonance imaging (MRI) has been used by numerous re-
searchers to try to identify deficits, anomalies, or biomarkers of ET.
With the progress in acquisition and analyses techniques, we are now
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able to generate images of the brain with a good contrast between tis-
sues (white matter, grey matter and cerebrospinal fluid) (McRobbie
et al., 2017). Using structural imaging, researchers and clinicians can
quantify brain volumes, identify abnormalities or lesions, and explore
structural changes associated with diverse pathological conditions.

In patients with ET, volumetric alterations have been studied ex-
tensively as outlined in the comprehensive review by Holtbernd and
Shah (Holtbernd & Shah, 2021). Among these studies, previous re-
search focusing on cerebellar volumes reported inconsistent findings.
While some studies reported cerebellar atrophy in ET (Bagepally et al.,
2012; Cerasa et al., 2009; Gallea et al., 2015), others have found no mor-
phological changes (Archer et al., 2018; Nicoletti et al., 2015; Pietracupa
et al., 2019). In addition, volumetric analyses of the cerebral cortical
and subcortical structures exhibited even more heterogeneous results
across studies. Grey matter atrophy or hypertrophy was documented
in some studies while others did not identify any differences between
NI and ET (Archer et al., 2018; Benito-Le6n, Serrano, et al., 2019; Nico-
letti et al., 2015; Pietracupa et al., 2019; Prasad et al., 2019). A recent
meta-analysis supported the absence of consistent alterations of grey
matter in this population (Luo et al., 2019).

Alongside structural imaging, functional imaging is commonly
used to infer brain activity by capturing changes associated with blood
flow via the blood oxygenation level-dependent (BOLD) signal. In-
creased brain activity increases energy consumption, inducing varia-
tion of the ratio between oxygenated and deoxygenated hemoglobin in
the blood. Given the diamagnetic nature of oxygenated hemoglobin
and the paramagnetic nature of deoxygenated hemoglobin, these al-
terations induce variations in the BOLD signal. Increased brain activ-
ity induces an immediate alteration in the oxygenated/deoxygenated
hemoglobin ratio, followed a couple of seconds later by vasodilation
and increased blood flow within the activated brain region. This typical
response pattern is called the Hemodynamic Response Function (HRF).
Using models of HRFs and BOLD signal, dynamic maps illustrating the
activation of specific brain regions can be generated. Strong correla-
tions between BOLD signal across the brain suggest that these regions
are jointly activated (Bijsterbosch, 2017; Soares et al., 2016). Functional
connectivity can be assessed at rest, but can also be coupled with tasks
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performed within the scanner, offering insights into brain functions un-
der diverse conditions.

Task-based studies, using motor tasks such as performing arm and
wrist movements, maintaining the arm against gravity, or continuous
writing of “8” with the dominant hand, reported altered activity in the
cerebello-thalamo-cortical pathway for ET patients (Buijink et al., 2015;
Muthuraman et al., 2018; Nicoletti et al., 2015). Interestingly, resting-
state fMRI reported diminished and altered connectivity in the same
circuits (Benito-Leén et al., 2015; Fang et al., 2016; Gallea et al., 2015;
Tikoo et al., 2020).

Finally, diffusion imaging relies on the movement of water
molecules to elucidate brain’s microstructure. The diffusion of water
molecules varies across tissues depending on tissue type, integrity and
architecture. This movement provides insights into anisotropy, indi-
cating whether water molecules can diffuse in all directions or are re-
stricted to a single direction, as well as orientation of fibers within the
tissue. Different tissues are associated with different diffusion proper-
ties: white matter tends to be anisotropic, with water molecules prefer-
entially moving along axons; grey matter tends to be less anisotropic;
and cerebrospinal fluid manifests isotropic diffusion, with unrestricted
movement in all directions. One of the mostly used approaches, Diffu-
sion Tensor Imaging (DTI), models from diffusion weighted images the
diffusion process of each voxel using ellipsoids also known as tensors.
Parameters derived from these tensors include Fractional Anisotropy
(FA), indicating the directional preference of diffusion, and mean diffu-
sivity (MD), which can be further categorized into axial and radial dif-
fusion components (Soares et al., 2013). These reconstructed maps en-
able the investigation of tissue microstructural properties. In addition,
anatomical connectivity can be explored through tractography, tracing
fiber bundles from a specific location to other regions of the brain (Jenk-
inson & Chappell, 2018).

Diffusion studies more consistently reported cerebellar anomaly in
ET compared with conventional volumetric MRI studies. Consistent
microstructural alterations of the cerebellum have been reported, with
changes mainly in cerebellar peduncles (Klein et al., 2011; Novellino
et al., 2020; Tikoo et al., 2020). In addition to these cerebellar changes,
widespread microstructural alterations have been reported in various
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tracts related both to motor and non-motor functions (Gallea et al.,
2015; Klein et al., 2011; Pietracupa et al., 2019).

In this study, our primary objective was to replicate the findings of
Tikoo and colleagues who reported a diminished functional connectiv-
ity of the DN in ET patients with cortical and subcortical areas (Tikoo
et al., 2020). In addition, we tested whether a more precise segmenta-
tion of the DN would impact the outcomes. We investigated cerebellar,
cortical and subcortical volumes in both groups, including volume of
the Dentate Nucleus and finally, we explored whether behavioral mea-
surements of the tremor were correlated with functional connectivity
or brain volume.

4.2 Methods

4.2.1 Participants

A total of 20 Essential Tremor (ET) patients and 22 Neurologically In-
tact (NI) volunteers of similar demographic repartition were enrolled
in this study. All participants provided informed consent following
standard procedures and the ethics committee of the host institution
(Comité d’Ethique Hospitalo Facultaire, UCLouvain, Belgium) vali-
dated the protocol. Participants were evaluated using the Fahn-Tolosa-
Marin Tremor Rating Scale (FTM-TRS) (Fahn et al., 1993). ET partic-
ipants who received surgical treatment for their tremor or ET partici-
pants with co-existing neurological disorders were not enrolled in the
study. The control group consisted of participants who self-reported
the absence of known neurological disorders. Due to incidental find-
ings, we excluded three participants of this group of NI volunteers.
One participant presented a leukoaraiosis, and two participants had a
mega-cisterna magna. One ET participant was excluded of the study
because of important artifacts in the images caused by ferromagnetic
surgical material in the patient’s jaw. Analyses were therefore per-
formed on 19 ET patients (11 females; age: M: 61,8 £+ SD: 11,9) and
19 NI volunteers (11 females; age: 64 £ 14).
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4.2.2 Tremor Assessment

During the FTM-TRS evaluation, participants wore wearable Inertial
Measurements Units (device described in (El Khoury et al., 2021)). The
setup was composed of accelerometers attached to the tip of the index
fingers used to compute the tremor frequency during hand extension
and finger-to-finger position (Figure 4.1 a). We computed the tremor
frequency by considering the Power Spectral Density (PSD) as a density
function and computed the expected value of the distribution to find
the frequency associated with the peak in the PSD (Vertical line Figure
4.1b). We also extracted the mean PSD of the oscillations between 4 and
12 Hz (Grey area Figure 4.1 b). We then averaged these measurements
across left and right arms. This acquisition was performed the same
day as the neuroimaging assessment.

4.2.3 Neuroimaging Assessment

MRI acquisition was performed at the Cliniques Universitaires Saint-
Luc (UCLouvain, Belgique) using a 3.0 Tesla head scanner (Signa Pre-
mier, General Electric Company, United States) equipped with a 48-
channel coil. ET patients and NI volunteers were positioned in the
scanner, cushions were used to enhance comfort and to limit move-
ment artifacts, and we used earplugs and noise-reduction headphones.
Participants were instructed to remain eyes closed for the resting state
as well as not to engage in cognitive or motor activities.

A three-dimensional (3D) T1-weighted data set encompassing the
whole brain was selected to provide detailed anatomy (1 mm?) thanks
to MPRAGE sequence: inversion time = 900 ms, repetition time (TR) =
2188.16 ms, echo time (TE) = 2.96 ms, flip angle (FA) = 8°, field of view
(FOV) = 256*256, 156 slices, slice thickness = 1 mm, no gap, total scan
time = 5 min 36 s.

Resting state MRI T2*-weighted sequences of brain activity was
collected with echo-planar imaging: FOV = 220*220 mm?, matrix size =
110*110, TE = 30 ms, TR = 1700 ms, FA = 90°, 75 slices (order ascending
and interleaved), slice thickness = 2 mm, parallel imaging (ARC2) and
hyperband factor = 3. The whole brain slices were scanned 217 times
(=6 min 09s)
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FIGURE 4.1: a, Principal component of the accelerometer signals. b, Power
Spectral Density of the principal component. Grey area corresponds to the
values used to compute the mean PSD. Red vertical line corresponds to the
tremor frequency computed as the expected value of the PSD considered
as a density function. ¢, Correlation between Tremor Frequency and FTM-
TRS Score. d, Correlation between Mean PSD and FITM-TRS Score. e,
Correlation between Mean PSD and Tremor Frequency.
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A three-dimensional multi-echo gradient echo (GRE) sequence
was utilized to obtain T2*-weighted images. These images were used
to delineate DN. Imaging parameters for the multi-echo GRE sequence
were the following: repetition time=47.1 ms, echoes = 16, first echo time
=2.76 ms, echo time spacing = 2.78 ms, bandwidth = 651.02 Hz/pixel,
flip angle = 12°, field of view = 24 x 24 cm, matrix size = 256 x 256,
resolution = 0.94 x 0.94 x 1.0 mm3, acceleration factor = 2, slices = 76,
and total acquisition time = 5 min and 32 s. Slices in the multiecho GRE
sequence were oriented axially and centered on cerebellum.

A Multishell diffusion-weighted sequence was employed to ac-
quire data for diffusion MRI (dMRI) analysis. The imaging parame-
ters for this sequence were as followsFOV = 220*220 mm?, matrix size=
110*110, TE=77 ms, TR= 5200 ms, 64 gradients at b=1000, 32 at b=2000,
3000, 5000 and 7 b=0 s/mm?2, 75 slices with slice thickness = 2 mm, with
reversed phase encoding (=14 min 34 s). dMRI data not presented here.

4.2.4 Neuroimaging Data Processing

We analyzed fMRI data using BrainVoyager (Version 22.2.2, Brain In-
novation, Maastricht, Netherlands). Preprocessing of the resting-state
data consisted of linear trend removal to exclude scanner-related sig-
nal drift, a temporal high-pass filter to remove frequencies lower than
0.005 Hz and correction for head movements using a rigid body algo-
rithm for rotating and translating each functional volume in 3D space.
Additionally, we dropped the initial 7 volumes. The data was also cor-
rected for time differences in the acquisition of the different slices and
movement corrections were optimized using a sinc interpolation. As
spontaneous low-frequency fluctuations can arise from non-neural sig-
nals and not only from BOLD-related fluctuations we performed addi-
tional pre-processing steps to remove undesirable sources of variance.
Regression analyses were performed to remove artifacts due to resid-
ual motions (using the six movement regressors obtained during the
previous motion correction) and changes in the ventricles (the signal
from the ventricular mask defined in each participant). To perform
comparisons between subjects, the data was spatially normalized in the
Montreal Neurological Institute (MNI) space. All co-registrations were
manually verified.
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The whole brain was segmented using Freesurfer 7.0 image analy-
sis pipeline (https:/ /surfernmr.mgh.harvard.edu/). The resulting seg-
mentation is based both on subject-independent probabilistic atlas and
subject-specific measured values. We performed a visual inspection of
the segmentation results and manual editing was made when needed.
We only found and corrected minor skull strip errors before running
the data through the pipeline again. In addition to whole brain seg-
mentation, we also ran automatic labeling and volume estimation of
the thalamic nuclei (25 ROIs per hemisphere, Iglesias et al., 2018) and
estimation of the volume and cortical thickness of the regions defined
by the Brainnetome atlas (Fan et al., 2016), which we also used for the
functional connectivity analyses. Segmentation of the thalamus for one
exemplar NI participant is visible on Figure 4.2 a, the Brainnetome at-
las is displayed in Figure 4.2 d. We used a residual correction approach
and corrected the results of the segmentation for intracranial volume
(ICV), age and gender by fitting a linear regression model on all partic-
ipants:

y = Bo+ P1 x ICV + B, x Age + B3 x Gender + ¢, 4.1)

with Bg the intercept; B1, B2, B3 the coefficients associated with the in-
dependent variables and e the residuals that captures the difference
between predicted and actual values of y; y being the volume or the
cortical thickness of a region of the Brainnetome or the CERES segmen-
tation. The analyses were performed on the residuals.

We used the SuscEptibility mapping Plpeline tool for phAse images
(SEPIA) pipeline to reconstruct Quantitative Suscpetibility Mapping
(QSM) maps from the 3D multi-echo GRE phase data (Chan & Mar-
ques, 2021). Bilateral masks of the Dentate Nucleus were drawn man-
ually in the QSM images using ITK-SNAP (www.itksnap.org) (Yushke-
vich et al., 2006) and verified by a neurosurgeon. Segmentation for one
NI participant is displayed on Figure 4.2 b.

Cerebellar lobe volumes were estimated using the CEREbellum
Segmentation (CERES) pipeline. This patch-based multi-atlas segmen-
tation tool (Romero et al., 2017) divides the cerebellum into 12 lobules
in the native space. Bilateral volume of each lobule was extracted from
the results. A sample of segmentation results for one NI participant is
visible on Figure 4.2 c.


(https://surfer.nmr.mgh.harvard.edu/)
(www.itksnap.org)
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a. Segmentation of the thalamic nuclei

FIGURE 4.2: a, b, ¢, Segmentation for an exemplar NI participant in axial,

coronal and sagittal views (Native space); a, Segmentation of the thalamic

nuclei. Labels can be found in (Iglesias et al., 2018); b, Manual segmen-

tation of the Dentate Nucleus on the susceptibility maps; ¢, CERES seg-

mentation of the cerebellar lobules. Labels can be found in (Romero et al.,

2017); d, Brainnetome atlas in standard MNI space. Labels can be found
in (Fan et al., 2016).
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4.2.5 Data Analysis

Seed-based analyses Differences between NI and ET were investi-
gated via voxel-wise t-tests. P-values were corrected against multiple
comparisons using a False Discovery Rate (FDR) of 0.01. Similarly, the
relationship between DN functional connectivity and behavioral mea-
sures were evaluated using a multiple regression model (general linear
model; GLM), using the behavioral measure of interest as predictor. P-
values were corrected against multiple comparisons using a qFDR of
0.1. The data were smoothed in the spatial domain (Gaussian filter,
FWHM - 5 mm). Behavioral measures considered were the FTM-TRS
score and the frequency of the tremor measured with the accelerome-
ters.

Connectome Functional Connectivity analyses 279 ROIs seeds, with
defined shape and locations, were derived using the Brainnetome atlas
composed of 246 regions of the bilateral hemispheres (Fan et al., 2016)
and the SUIT cerebellar atlas composed of 33 regions (Diedrichsen,
2006). We modified the SUIT atlas to group the left and right Dentate
Nucleus into a unique region. We assessed the connectivity between
the different regions by computing the bivariate Pearsons’ correlation
between the time series of the extracted mean BOLD signal for each
pair of ROISs, resulting in a 279 x 279 connectivity matrix per individual.
We converted the resulting coefficients to normally distributed scores
using Fisher’s transformation. This transformation improves the nor-
mality assumptions of the second-level analysis. These matrices were
then used for second-level analysis using the Conn toolbox (Whitfield-
Gabrieli & Nieto-Castanon, 2012). We performed two-sided interde-
pendent t-test to investigate differences between the two groups. A
severe p-uncorrected < 5 * 10~ was used at the connection level and
no corrections were made at the cluster level. In addition to group anal-
yses, we investigated the influence of the tremor score on the functional
connectivity by including this variable as a second-level covariate. We
identified significant networks in our data using Network Based Statis-
tics. The matrix of T-statistics estimated from the correlations between
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the functional connectivity and the FTM-TRS score was thresholded us-
ing an a-priori p-uncorrected value of < 5 10~*. The remaining con-
nections are then used to identify sub-graphs that define the different
clusters with a p-uncorrected of 0.05.

In addition, using the same connectivity matrices, we performed
connectome-based predictive modeling (CPM). We extracted the most
relevant features from the brain functional connectivity data allowing
us to construct a predictive model of the group or behavioral measures
(Shen et al., 2017). To construct this model, we first controlled for ICV,
age and gender by performing a partial correlation on the connectivity
matrices, we then extracted the most relevant features using a thresh-
old of 2.5¥107%. We formed a binary mask of the most relevant fea-
tures and applied it on individual matrices. We computed the sum
of positive and negative significant correlations for each participant to
summarize these features. Using leave-one-out we built a model pre-
dicting the behavioral score based on the sum of positive and negative
correlations for the participants in the training set which resulted in a
prediction of the behavioral feature for the tested participant. We repro-
duced this step for every individual. We finally assessed the prediction
significance by reapplying the same steps 3000 times on randomly per-
muted behavioral measures. We compared our predictions made with
the actual behavioral measures with those obtained with random per-
mutations to assess the significance of our results. Behavioral measures
considered for this analysis were the group, the FTM-TRS score, tremor
frequency and tremor mean PSD.

Volumetric Analyses We used Pearson’s correlation coefficient to
measure linear association between volume of brain regions and par-
ticipants” group or behavioral measurements (FTM-TRS score and
tremor frequency). We corrected for multiple comparisons using the
Benjamini-Hochberg method (Benjamini & Hochberg, 1995).
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4.3 Results

4.3.1 Demographic and clinical characteristics of participants

There were no significant differences in age (p = 0.61, t3s = 0.52) or
gender distribution (p = 1, t35 = 0) between the two groups. ET par-
ticipants had a FTM-TRS score of 21.18 £ 2.16 (mean £ SEM) while the
NI participants had a score of 2.82 4= 0.59. Scores significantly differed
between groups (p < 1074, tag = —8.2). ET participants had a tremor
frequency of 6.33 = 0.27 Hz. Correlations between the different behav-
ioral measures are depicted on Figure 4.1 c-e.

4.3.2 Seed-based analysis of the DN functional connectivity

In this study, we aimed at reproducing previous results on functional
connectivity of the dentate nucleus (DN) using a seed-based approach
(Tikoo et al., 2020). Our first question was whether using a manual
and more precise segmentation of the DN as a seed would influence
the results compared to the simpler approach consisting in approxi-
mating this structure by a sphere, as in the original study. We also in-
cluded a comparison of results obtained with the DN from the SUIT
atlas. For the functional connectivity analyses, we did not observe
any difference across these three definitions of the seed (manual draw-
ing, sphere approximation or SUIT atlas). We computed the average
t-statistic obtained when comparing NI and ET participants over all
regions of the Brainnetome and SUIT atlas. We then computed the cor-
relation between the values obtained with the 3 seeds and obtained a
high and significant correlation for every combination (SUIT-Sphere:
0.85,p < 1074; Sphere-Manual segmentation: 0.78, p < 10~* and Suit-
Manual segmentation= 0.83, p < 10~ *) suggesting that the different
approaches were similar. In addition, when comparing the maps of
significant differences between groups obtained with the seed defined
by the manual segmentation or with the seed extracted from the SUIT
atlas, we observed only minor differences despite considering a very
loose uncorrected significance threshold of 0.05 and no spatial smooth-
ing (Figure 4.3 a).

Based on these results, we decided to use a more general approach
using the DN obtained from the SUIT atlas as a seed and spatial
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smoothing of 5 mm for the following analyses. We observed a de-
creased functional connectivity in ET patients between the DN and the
bilateral thalamus, bilateral basal ganglia, supplementary motor area,
right primary motor area, right temporal lobe (inferior and transverse
temporal gyrus), left precuneus and left superior frontal gyrus. We
found increased functional connectivity in the ET group between the
DN and the cerebellar lobes and the medulla oblongata (Figure 4.3 b).
Finally, we found a negative association of the FTM-TRS score in the
thalamus (Figure 4.3 c). All cluster coordinates and sizes are reported
on Table 4.1.

4.3.3 Connectome Functional Connectivity

To confirm the choice of the seed from previous work (Tikoo et al., 2020)
as well as to ensure we did not miss any important results not implicat-
ing the DN, we studied differences of functional connectivity between
groups or correlations between functional connectivity and behavioral
scores using connectivity matrices of 279 brain regions defined using
atlases of the hemispheres and cerebellum (Figure 4.4 a). Unlike seed-
based analyses, which focused on DN connectivity, this exploratory ap-
proach allowed us to investigate whole-brain functional connectivity
without any prior hypothesis about specific regions of interest. Group-
wise resting state differences were observed with a decreased connec-
tivity between the left thalamus and the right angular gyrus for ET pa-
tients, and an increased connectivity between the left insula and the
right pregenual areal in ET patients (p-uncorrected < 5%10~*, Figure
4.4 b). The observed results did not remain statistically significant af-
ter applying multiple comparisons correction. These connections are
reported in Table 4.2.

A negative association was found between the FTM-TRS score and
functional connectivity of the bilateral interposed nuclei, DN, thalamus
nuclei, vermis and between left superior temporal sulcus and DN (Fig-
ure 4.4 c). These connections are part of a significant network identified
by NBS (p<0.05). These results indicate a weaker connectivity of these
connections for participants with a high tremor score. Connections and
strengths of the effects are reported in Table 4.2.
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a. SUIT Seed VS Manual segmentation (n=38)

B

b. HC - ET (n=38)

b, %

c. FTM-TRS (n=38

FIGURE 4.3: a, Subtraction of the maps of significant group differences
obtained using two different seeds, DN extracted from the SUIT atlas
and DN segmented manually on the QSM maps (no spatial-smoothing,
p-uncorrected < 0.05, no corrections against multiple comparisons); b,
Group differences in the DN functional connectivity between ET and NI.
Maps of significant differences superimposed on T1 MNI template, red
clusters imply higher DN functional connectivity for NI participants, blue
clusters imply higher DN functional connectivity for ET patients (two-
sample t-test, two-tailed, p-uncorrected < 0.005, FDR corrected using 0.01
threshold). ¢, Correlation of the DN functional connectivity with the FTM-
TRS score in all participants. Blue clusters imply lower DN functional con-
nectivity in participants with high FTM-TRS score (p-uncorrected < 10°,
FDR corrected using 0.1 threshold), a-c, All maps are superimposed on T1
MNI template.
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MNI Coordinates Cluster

Brain regions .
& X Y Z size mm?3

Right pre-central
NI>ET gyri, primary 56.72 0.61 42.5 144

motor area (BA4)

Right inferior temporal

ayrus (BA20) 4268 -9.62 -41.56 136

Right transverse 384 353 159 160

temporal gyrus

Right putamen 38.64 -22.36 -3.36 112
| Right thalamus 26.1 -9.8 18.2 160

Right lateral 2283 -1426 332 528

globus pallidus

Superior frontal

gyrus, supplementary 16.17  29.06 59.5 144

motor area (BA6)

Right Thalamus 10.27 -13.65 1.5 104

Left thalamus, 1195 -1279 1226 1624

ventral lateral nucleus

Left thalamus -1.83 -2297 195 120

Medial frontal

gyrus, supplementary -6.95 -4.68 7332 176

motor area (BA6)

Left precuneus -17.34 -4213 3476 152

Left superior 1864 6679 05 112

frontal gyrus

Left lateral

globus pallidus 2419 95 404 104
‘ Left cerebellum -55.25 -59.13 -22.63 256

ET>NI Right cerebellum 235 -6042 -4527 104

| Right cerebellum 9.64 -5293 -40.79 112

Medulla oblongata -7.04 -41.77 -55.15 296

FTM-TRS | halamus, 1032 -11.32 1505 176

anterior nucleus

TABLE 4.1: Brain regions that showed significant differences of DN func-
tional connectivity between groups or significant correlations between
DN functional connectivity and FTM-TRS. FTM-TRS = Fahn-Tolosa-Marin
Tremor Rating Scale. BA = Brodmann Area. The results for group com-
parisons are corrected for multiple comparisons using a qFDR of 0.01 and
correlations with tremor scores using a qFDR of 0.1. Cluster sizes are ex-
pressed in mm?> and coordinates are expressed in MNI152 space.
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a. Raw connectivity matrices
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FIGURE 4.4: a, Average connectivity matrix reporting correlation between
279 regions of interest. Parcellation was made using Brainnetome atlas
and SUIT cerebellar atlas; b, Connectome ring of the connections that were
significantly different between groups (p < 5%10~%, uncorrected for mul-
tiple comparisons). Increased functional connectivity in the NI group is
depicted in red and increased functional connectivity in the ET group is
depicted in blue; ¢, Connectome ring of the connections that were sig-
nificantly associated with the FTM-TRS score (p < 5+10~%, network-level
p<0.05). Blue represents negative correlation between FTM-TRS score and
the functional connectivity.
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Effect of the group
Connection t-stat p-value O.f
the connection
PPtha_L-A39¢_R \ T(36)=4.41 0.000220
TI_area_L-A32p_R T(36)=-3.97 0.000325
Effect of the FTM-TRS score (NBS, p<0.05)
Connection t-stat p-value O.f
the connection
rTtha_L-DN \ T(36)=-4.45 0.000079
1PFtha_L-DN T(36)=-4.39 0.000095
rTtha_L-Interposed_L ‘ T(36)=-4.2 0.000170
rpSTS_L-DN T(36)=-4.01 0.000290
mPMtha_L-DN | T(36)=-3.96 0.000342
mPMtha_R-DN T(36)=-3.95 0.000345
mPFtha_R-DN ‘ T(36)=-3.95 0.000346
mPMtha_R-Vermis_VIIIb T(36)=-3.87 0.000443
mPFtha_R-Interposed_L ‘ T(36)=-3.87 0.000443
rTtha_L-Interposed_R T(36)=-3.86 0.000450

TABLE 4.2: Effect of the group on the functional connectivity, connections

that significantly differed between groups (p < 5* 107%), a positive t-

statistic implies an increased connectivity in the NI group. Significance

does not hold multiple comparison corrections. Network correlates with

FTM-TRS scores. Significant connections (p < 5 * 10~%) negatively cor-

related with the tremor score. These connections are part of the network
identified by NBS (p<0.05).
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4.3.4 Connectome-Based Predictive Modeling

Using CPM, we developed predictive models of the behavioral metrics
(see Methods). This method is based on the same correlation matrices
as the previous analyses, however, when using all participants’ data,
we were not able to form significant predictions. When working on
ET patients only, we were able to predict the tremor score using the
functional connectivity data. Correlation between predicted and actual
FTM-TRS score was 0.57 (p=0.01, Figure 4.5 a). The significance of this
correlation, computed on 3000 permutations, was p < 10~°. The con-
nections that best predicted FTM-TRS score are the left dorsal caudate
with the right ventromedial putamen, the right occipital polar cortex
with the right X lobule, and the right lateral pre-frontal thalamus with
the left lobule VIIa (connections depicted on Figure 4.5 bé&c).

We were also able to predict the mean PSD of the tremor. The corre-
lation between predicted and actual values was 0.68 (p< 10~3, Figure
4.5 d, significance computed on 3000 permutations p < 10~2). The pre-
dictions were based mainly on connections between the occipital cortex
and the right lobule X of the cerebellum (connections depicted on Fig-
ure 4.5 e&f).

4.3.5 Volumetric Analyses

Thalamic Nuclei As first analyses reported several impaired connec-
tions with the thalamus, using anatomical imaging we studied the vol-
ume of thalamic subnuclei in both groups as well as the relationship
with behavioral measures. There was no significant change between
the ET and NI groups. However, we found a negative association
between the tremor score and the volume averaged over both hemi-
spheres for the AV, VA, PuM, PuA, VAmc, LD, CL, VLa, and for the
whole thalamus, implying a smaller volume for participants more af-
fected by the tremor. Significant results are reported in Table 4.3 and
displayed on Figure 4.6. Results for the 25 subthalamic nuclei are re-
ported in the supplementary Table 4.4.
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FIGURE 4.5: a, Correlation between actual and predicted FTM-TRS score
based on CPM ; b, Left: Significant connections used to predict the FTM-
TRS score. Blue lines indicate negative correlations and red lines indicate
positive correlations (all p<0.00025). Right: Bain lobes color code; ¢, Pro-
jected node on a schematic representation of the brain. d, Correlation be-
tween actual and predicted mean PSD based on CPM,; e-f, same as b-c.

Thalamic nuclei volume correlates significantly with FTM-TRS score (n=38)

ECL B LD B PuA W PuM O VA B VAmc B ViLa

FIGURE 4.6: Thalamic nuclei that significantly correlate with FTM-TRS
score, segmentation for an exemplar NI participant in native space in axial,
coronal and sagittal views.
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Correlations with Region R uncorrected
FTM-TRS score & p-value

Thalamus Anteroventral (AV) -0.45 0.005
Central lateral (CL) -0.34 0.037
Laterodorsal (LD) -0.34 0.037
Pulvinar anterior (PuA) -0.39 0.014
Pulvinar medial (PuM) -0.40 0.013
Ventral anterior (VA) -0.45 0.005
Ventral anterior
magnocellular (Vamc) 035 0.030
Ventral lateral anterior (VLa) -0.32 0.047
Whole thalamus -0.38 0.018

Dentate Nucleus | No significant correlations

Cerebellum Lobule X -0.40 0.014

Brainnetome No significant correlations

TABLE 4.3: Correlations between FTM-TRS score and volumes of the tha-

lamus nuclei, dentate nucleus, cerebellum and Brainnetome regions, cor-

rected for ICV, age and gender. The significance level of 0.05 was adjusted

for multiple comparisons using the Benjamini-Hochberg method using a
qFDR of 0.2.

Dentate Nucleus Using QSM images, we manually segmented the
dentate nucleus of our participants, an exemplar healthy control is dis-
played on Figure 4.2 b. We did not find significant differences between
groups (t-test: f33 = 0.21, p = 0.84), neither a correlation with the
tremor score (Pearson’s correlation: 0.16, p = 0.32).

Cerebellum No significant changes of cerebellar volume were found
between the two groups. A significant negative correlation was found
between the FTM-TRS Score and the volume of the lobule X (r=-0.4, p-
uncorrected=0.014, adjusted for multiple comparisons using a qFDR of
0.2). Results for all lobules are available in Supplementary Table 4.5.

Brainnetome Regions No significant changes of cortical thickness
were found between the two groups neither significant correlation be-
tween the cortical thickness and any of the behavioral measures.
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4.4 Discussion

In this study, we identified altered functional connectivity for ET pa-
tients in the cerebello-thalamo-cortical pathway. We used a seed-based
approach to study DN connectivity alongside with connectome-based
analyses, eliminating potential bias brought by the requirement to form
an a-priori hypothesis. Using the functional connectivity data, we were
able to predict the FTM-TRS score in the ET group, focusing on the con-
nections involving the thalamus and cerebellum and we were able to
predict the mean PSD of the tremor using connections between the oc-
cipital lobe and the cerebellum. Furthermore, we observed a negative
correlation between thalamic nuclei volume and tremor severity, while
the volume of the DN did not differ between groups, nor correlated
with tremor severity. Altogether, these results support the pathophysi-
ological significance of the cerebello-thalamo-cortical pathway in ET.

We first demonstrated that a more precise segmentation of the DN
did not significantly influence the results of the seed-based analysis.
Indeed, the maps of significant differences between groups, generated
from the different seeds only marginally differed. Consequently, we
suggest that, for functional connectivity analyses, incorporating an ex-
tra sequence requiring extra acquisition time and time-consuming pre-
processing may not offer substantial advantages.

Seed-based analyses corroborated the findings of Tikoo and col-
leagues (Tikoo et al., 2020). We observed reduced functional connec-
tivity of the DN with both cortical and subcortical regions, including
basal ganglia, thalamus, primary motor cortex and premotor cortex. In
addition, we observed increased DN functional connectivity with cere-
bellar peduncles. This alteration in functional connectivity within the
cerebello-thalamo-cortical pathway aligns with evidence from previous
fMRI studies implicating this pathway in the pathogenesis of ET tremor
(Buijink et al., 2015; Fang et al., 2016; Holtbernd & Shah, 2021; Nicoletti
et al., 2015). The DN, as principal cerebellar output, sends projections
to the thalamus, serving as a relay station for transmitting information
to the cortex (Haines & Dietrichs, 2012). These connections make cere-
bellum prone to be centrally involved in the generation of the tremor.
Moreover, Deep Brain Stimulation of the ventral intermediate nucleus
of the thalamus has demonstrated efficacy in tremor reduction among
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these patients (Chandra et al., 2022; Iorio-Morin et al., 2020).

Interestingly, similar results were obtained when conducting anal-
yses on the connectivity matrices, which did not require to form any
a-priori hypotheses. Across the 279 regions in which we segmented
the brain, we examined whether some connections differed between
groups. We observed a significant effect of the connection between
the left posterior parietal thalamus with the right angular gyrus. That
later region is involved in numerous cognitive processes, including
visuospatial processing. The second connection identified was be-
tween the left parahippocampal gyrus and the right cingulate cor-
tex. The parahippocampal gyrus is involved in visuospatial processing
and episodic memory, with prior fMRI studies indicating impairments
in this region among ET patients (Benito-Le6n, Sanz-Morales, et al.,
2019). The cingulate cortex, strongly connected to the parahippocam-
pal gyrus, receives inputs related to spatial and action-related informa-
tion (Rolls, 2019). Alterations in the connectivity between these regions
provide support for the documented impairments in visuo-motor inte-
gration reported in ET (Bares et al., 2010).

Using the same connectivity matrices, we analyzed connections that
exhibited significant correlations with the FTM-TRS score. Several con-
nections between the deep cerebellar nuclei and the thalamus were sig-
nificant. Direct connections between these regions exist and have been
frequently implicated in ET pathogenesis (Haines & Dietrichs, 2012;
Pan & Kuo, 2022). Additionally, significant connections were identified
with the lobule VIIIb of the cerebellum, involved in motor processing
(Stoodley & Schmahmann, 2010, 2018) and with the superior temporal
sulcus.

Using CPM, we were able to predict the tremor score from the con-
nectivity matrices in the patient subgroup. The resultant model indi-
cated that the tremor score could be predicted based on the connec-
tivity between the thalamus and the left lobule VIla of the cerebel-
lum, a region associated with working memory and executive function
(Stoodley & Schmahmann, 2010, 2018). Impairments in these cogni-
tive functions have been documented in ET (Bermejo-Pareja & Puertas-
Martin, 2012; Louis et al., 2019). The connection between the left cau-
date nucleus and the right putamen was used to predict the FTM-TRS
score. Together they form the striatum, which plays an important role
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in movement control (Tewari et al., 2016). This is particularly relevant
as our recent study evidenced impaired feedback control during a pos-
tural perturbation task in ET (Blondiaux et al., 2024). Finally, the con-
nection between the right occipital polar cortex and the right lobule X
was also used to predict the FTM-TRS score. Previously reported alter-
ations in the functional connectivity of the occipital polar cortex in ET
align with this finding (Benito-Leén, Sanz-Morales, et al., 2019; Benito-
Le6n et al., 2015), Lobule X is involved in vestibular functions and eye
movements (Diedrichsen & Bastian, 2014; Stoodley & Schmahmann,
2018). Interestingly, the same connections between the occipital lobe
and the lobule X were used to predict the mean PSD of the tremor.

Due to the numerous findings implicating the thalamus, we decided
to investigate the volume of its subnuclei and discovered a correla-
tion between decreased volume and the tremor severity. Some stud-
ies have reported smaller thalamus volume in ET (Benito-Le6n, Sanz-
Morales, et al., 2019; Pietracupa et al., 2019; Prasad et al., 2019), while
other found no differences (Novellino et al., 2020) or even increased
volume in young ET participants (Qi et al., 2020). To our knowledge,
our study is the first one to study thalamus subnuclei volume in ET.
We identified several nuclei whose atrophy correlated with the FTM-
TRS score. Nuclei ventral anterior (Va), ventral anterior magnocellular
(Vamc) and ventral lateral anterior (VLa) are involved in motor con-
trol, receiving afferents from the basal ganglia (Mai & Majtanik, 2019).
The anteroventral (AV) nuclei of the thalamus receive afferents from
the hippocampal formation and project to the cingulate cortex (Mai &
Majtanik, 2019) which relates to the impaired connection between these
regions discussed earlier. The laterodorsal (LD) nuclei receive afferents
from visual structures and play an important role in spatial navigation
by providing key visual inputs to the hippocampal system and the en-
torhinal cortex (Perry & Mitchell, 2019; Peyrache, 2022). The central
lateral (CL) nuclei have an influence on mental and cognitive functions
by relaying information between the brainstem and the cortex (Kumar
et al., 2023). Finally, the pulvinar anterior (PuA) and medial (PuM) nu-
clei play a role in multisensory integration, relaying information from
various sensory areas to the premotor cortex (Cappe et al., 2012). Le-
sions in the pulvinar nuclei can affect visually guided movements such
as reaching and grasping movements (Kastner & Arcaro, 2022).
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The absence of DN atrophy in ET is supported by previous studies
that reported no differences in volume and magnetic susceptibility of
the DN assessed using QSM images (Y. Zhang et al., 2023), as well as no
disparity in iron deposition using swan imaging (Pietracupa, Bologna,
Tommasin, Elifani, et al., 2021). These results suggest that the impair-
ments in the DN are more likely functional than caused by an atrophy.
As we mentioned in the introduction, results regarding cerebellar, cor-
tical and subcortical atrophy or hypertrophy are highly heterogeneous.
In this study, we found no differences between groups nor correlations
with behavioral scores for Brainnetome regions. Regarding cerebellar
volume, we only found an association between lobule X volume and
FTM-TRS score. The absence of differences between groups suggests
that connectivity impairments observed are not a direct consequence
of morphological differences.

Interestingly, these results are in line with our previously proposed
hypothesis regarding the origin of ET (Blondiaux et al., 2024). Indeed,
the observed impairments that are more related to motor functions
align with a potential deficit in delay compensation in ET, where er-
rors propagate from cerebellum to primary and pre-motor cortex via
the thalamus. In addition, our analysis using CPM reveled a correla-
tion between the mean PSD of the tremor and functional connectivity.
This result relates to our previous modeling work which demonstrated
that larger errors in delay estimation were associated with an increased
tremor amplitude and higher mean PSD. Integrating this behavioral
measurement to the rest of the analyses used in this paper would be in-
teresting. All participants of this study also participated to the postural
perturbation task conducted in our previous study (Chapter 3). How-
ever, we did not observe correlations between behavioral metrics ex-
tracted from our feedback control task -specifically, the frequency and
average PSD of oscillations during the stabilization phase- and func-
tional connectivity or volumetric differences. Several factors could ac-
count for this absence of correlations. The assessment was not con-
ducted on the same day, and for some participants, were conducted up
to 16 months apart. Additionally, summarizing task performances into
two simple metrics may not accurately reflect the complex impairments
observed during the task.

In the present study, we mostly observed significant correlations
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with the FTM-TRS score but fewer group differences. This could be at-
tributed to the fact that differences between groups are not pronounced,
as some ET patients were only affected by a mild tremor. However, it
suggests that changes in brain structure and functional connectivity are
subtle and progressive, worsening with more severe symptoms.

Finally, one major limitation of our study is the relatively small
number of participants included, which limits the statistical power
of our analyses. Another limitation is the absence of treatment with-
drawal before the assessments, which might alter the behavioral mea-
surements for example by decreasing the tremor score if the treatment
is efficient for those patients.

In conclusion, the present study revealed group differences of func-
tional connectivity within the cerebello-thalamo-cortical circuit and re-
vealed differences correlated with tremor severity within the same cir-
cuit. Furthermore, using the functional connectivity matrices, we were
able to predict the tremor score in ET patients. Additionally, volumet-
ric analyses reported atrophy in several subnuclei of the thalamus that
correlated with the FTM-TRS score. Overall, these results support the
hypothesis that cerebellum and its projections play an important role
in the tremor genesis in ET.
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4.5 Supplementary Material

Region R uncorrected
p-value

Anteroventral (AV) -0.45 0.005
Central medial (CeM) -0.31 0.055
Central lateral (CL) -0.34 0.037
Centromedian (CM) -0.20 0.236
Laterodorsal (LD) -0.34 0.037
Lateral geniculate (LGN) -0.32 0.052
lateral posterior (LP) -0.30 0.066
Limitans (suprageniculate) (LSg) 0.01 0.958
Mediodorsal lateral parvocellular (MDI) -0.27 0.100
Mediodorsal medial magnocellular (MDm) | -0.23 0.170
Medial Geniculate (MGN) -0.04 0.822
Reuniens (medial ventral) (MV_RE) -0.29 0.076
Paracentral (Pc) -0.31 0.057
Parafascicular (Pf) -0.12 0.462
Paratenial (Pt) -0.13 0.432
Pulvinar anterior (PuA) -0.39 0.014
Pulvinar inferior (Pul) -0.24 0.143
Pulvinar lateral (PuL) -0.13 0.433
Pulvinar medial (PuM) -0.40 0.013
Ventral Anterior (VA) -0.45 0.005
Ventral Anterior magnocellular (Vamc) -0.35 0.030
Ventral lateral anterior (VLa) -0.32 0.047
Ventral lateral posterior (VLp) -0.21 0.209
Ventromedial (VM) -0.11 0.501
Ventral posterolateral (VPL) -0.16 0.344
Whole Thalamus -0.38 0.018
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TABLE 4.4: Correlations between thalamic nuclei and FTM-TRS score, cor-
rected for ICV, age and gender. The significance level of 0.05 was adjusted
for multiple comparisons using the Benjamini-Hochberg method using a

qFDR of 0.2. Significance denoted in bold.
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Region R uncorrected
p-value

Cerebellum | -0.23 0.16
I-11 -0.11 0.52
III -0.08 0.62
v -0.01 0.93
\Y 0.07 0.69
VI 0.00 0.98
Crusl -0.27 0.10
Crus II -0.02 0.91
VIIB -0.20 0.23
VIIIA -0.32 0.05
VIIIB -0.26 0.12
IX -0.34 0.03
X -0.40 0.014

TABLE 4.5: Correlations between cerebellar lobes volume and FTM-TRS

score, corrected for ICV, age and gender. The significance level of 0.05 was

adjusted for multiple comparisons using the Benjamini-Hochberg method
using a qFDR of 0.2. Significance denoted in bold.
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Chapter 5

Discussion

5.1 Summary of contributions

The underlying mechanisms driving Essential Tremor remain unclear,
while a cerebellar origin is often suggested, further investigation is still
required for a more precise understanding. In this thesis, we used the
movement control framework to explore and better document the im-
paired and preserved mechanisms in ET. Specifically, we focused on
tasks relying on cerebellar integrity, such as saccadic adaptation to
sudden changes in the location of visual stimulus, adaptation of up-
per limb movements to force fields, and a feedback control. Through
these assessments, we aimed to study whether cerebellar-dependent
mechanisms contribute to tremor genesis. Additionally, we conducted
a neuroimaging study to investigate impaired pathways in ET, examin-
ing functional connectivity and volumetric alterations. In addition, we
studied how these findings correlated with behavioral measures and
tremor severity.

Firstly, we studied motor adaptation in our ET population, as we
know that is it an ability that is impaired in cerebellar patients. We
found that ET patients did adapt to the perturbations, contrasting with
the drastic impairments often documented in cerebellar patients. How-
ever, the degree of adaptation in ET patients was diminished compared
with neurologically intact participants. When decomposing the mecha-
nisms contributing to motor adaptation, we observed that ET patients’
ability to anticipate the perturbation was preserved. The impairments
appeared to stem from erroneous movement execution during the task.
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FIGURE 5.1: Model pathway adapted from Crevecoeur and Gervers, 2019.
Model compensating for the delay in sensorimotor control. The light blue
pathway corresponds to the sensory feedback, the dark blue pathway cor-
responds to the formation of an internal prior £p and the red pathway
corresponds to the delay compensation that is suspected to be faulty in
ET. A; and B, define the dynamics of the model, dt is the time step, 5t
the system delay, K are the Kalman gains, u are the motor commands, £
the estimated state and y the sensory feedback. For more details about the
model see Chapter 3.

Referring to our scheme of motor control, this suggests that the forma-
tion of the prior estimate of the state (dark blue pathway in Figure 5.1)
remains intact in ET patients, allowing them to anticipate the perturba-
tion, despite observed difficulties in the movement execution.
Building upon these findings, our second study focused specifically
on feedback control in ET. During a postural perturbation task, we ob-
served oscillations in ET patients” movements when stopping and sta-
bilizing the hand in the target. These perturbation-dependent deficits
suggested that the tremor was generated by the feedback controller.
Interestingly, the initial muscular responses were intact, implying that
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the feedback received was intact (light blue pathway in Figure 5.1). This
left us with only one pathway that could be potentially faulty: the delay
compensation pathway (red pathway in Figure 5.1). Using computa-
tional modeling, we showed that introducing an error in the estimation
of the feedback delay leads to oscillations during the movements. The
oscillations replicated all features observed in ET patients” movements
during the task, including an intact initial response followed by oscilla-
tions scaling with perturbation magnitude. This reinforces the hypoth-
esis that oscillations in ET arise from the feedback controller, and that
these oscillations result from an erroneous compensation for sensory
delays, an ability that is believed to be performed by cerebellum.

In our final study, we studied functional connectivity using resting-
state fMRI in ET patients. Our findings revealed impairments within
the cerebello-thalamo-cortical loop, which aligns with the assumptions
raised with our computational model as these same structures are in-
volved in movement control. In addition, our model predicted an in-
crease in oscillations” PSD for simulations with higher error in delay es-
timation. Interestingly, we observed a relationship between functional
connectivity and the mean PSD of the tremor. We also observed a cor-
relation between the tremor score and reduced functional connectivity
between cerebellar and thalamic structures. Moreover, we also stud-
ied volumetric changes in these patients and identified a correlation
between an atrophy of subnuclei of the thalamus and tremor severity,
further emphasizing the central role of cerebellum and its connections
in the etiology of the disorder.

These works all emphasize the significant role played by cerebel-
lum in the origin of the tremor, as all identified impairments are re-
lated to cerebellar mechanisms. The observed deficits in motor adapta-
tion,feedback control and functional connectivity support the hypothe-
sis of an erroneous delay compensation in ET, a process predominantly
mediated by cerebellum. Additionally, from a different perspective, the
fMRI study further strengthens the implication of cerebellum in the dis-
order, as many significant results were closely associated with cerebel-
lar regions. Overall, these results contribute to a better understanding
of the mechanisms at the origin of ET.
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5.2 Limitations

One of the main limitations of this thesis is the limited sample size.
The relatively small number of participants in each group can impact
the generalization of our findings. With a limited sample, it becomes
challenging to draw a robust conclusion that applies to a larger popu-
lation. However, the consistency of our findings across multiple tasks
and methodologies strengthens our confidence in our hypothesis of im-
paired delay compensation in ET. Nevertheless, caution should be ex-
ercised when extrapolating these findings to broader populations.

Another limitation of this study is the overlap between the control
group and the ET group, particularly for patients with mild symptoms
that might have a clinical score similar to the participants in the control
group. While including patients with mild symptoms enables us to bet-
ter capture behavior in this population, including early-stage manifes-
tations of the disorder, it complicates differentiation between groups.
In particular when results indicate that impairments observed in the
behavioral tasks and imaging results tend to progress with the disease
severity.

The absence of treatment withdrawal in all the studies could have
potentially impacted the results. Treatments might have reduce the
tremor and therefore clinical scores or impacted behavioral measure-
ments and brain functional connectivity. To address these limitations,
future research could focus on expanding the sample size to obtain
a more comprehensive understanding of these impairments and how
they evolve with disease severity.

In addition, conducting a longitudinal study that monitor patients
over time could provide valuable insights into the progression of es-
sential tremor. With increasing references to ET as an evolutionary
disorder and limited documentation on its pattern of evolution (Louis,
2021), there is a clear need for longitudinal investigations. Understand-
ing how behavior in tasks, functional connectivity and brain volume
evolve over time could shed light on the disorder. Moreover, assess-
ing whether these measures could serve as objective indicators of the
disease evolution could greatly enhance diagnostic accuracy and ease
the follow-up of the disorder. Incorporating such assessments in future
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studies is crucial for advancing our understanding of ET and improv-
ing patient care.

It is important to note that all analyses were conducted at the pop-
ulation level. However, averaging across populations of patients can
sometimes lead to misleading or generic conclusions. Specifically, av-
eraging over individuals can obscure different subtypes of the disease
or mask heterogeneity in patient’s behavior, even if the patients exhibit
the same symptoms (Caramazza & McCloskey, 1988). In our studies,
we report statistically significant impairments at the group level; how-
ever, some ET patients achieve similarly to healthy control in some
tasks. To further investigate these nuances, it would be valuable to
conduct single-case studies focusing on patients whose performances
aligns with that of healthy controls, this time comparing their behav-
ior to a control group that maximizes the same features as the patient
of interest. If the patient’s behavior remain in the range of controls it
would suggest that the hypothesis of ET arising from erroneous delay
compensation might explain the disorder in some patients, but not all.
This findings could complement the results of this thesis, and would
align with the observed heterogeneity of the disorder, as seen in age of
onset, cognitive symptoms, and treatment responsiveness, suggesting
different underlying mechanisms for ET.

5.3 Open questions & suggestions for future works

Our results seem to point towards impaired delay compensation in ET.
But could ET stem from a broader deficit in estimating timings?

This question has been discussed in the review by (Bares et al.,
2012), highlighting a couple of studies that have investigated timing
in ET. Britton and colleagues studied fast wrist movements towards
several visual targets (Britton et al., 1994). These fast movements are
controlled by a triphasic pattern of agonist - antagonist - agonist muscle
activity, a pattern also present in ET patients. However, ET patients sec-
ond agonist EMG burst was delayed. This delay resulted in unopposed
action of the antagonist muscle leading to overshoots of the target fol-
lowed by damped oscillations. This delay of the second agonist EMG



116 Chapter 5. Discussion

burst evidences abnormalities in the timing of the anticipatory muscle
activity required to stop the movement.

Impairments have also been documented in ET patients when per-
forming rhythmic movements. Farkas et al. evaluated rhythmic finger
tapping in a group of ET patients (Farkas et al., 2006). These patients
were not able to synchronize to the auditory cues and experienced in-
creased variability in their rhythmic movements, variability being de-
fined as the standard deviation of the movement onset with the pacing
signal. The same result was observed for alternating hand movements,
in both hands, and for fast and slow conditions, suggesting a central
origin for this deficit. Avanzino et al. corroborated these findings in a
study evaluating repetitive finger tapping at various frequencies also
indicated by an audio cue (Avanzino et al., 2009). The temporal vari-
ability, defined as the coefficient of variation of the inter-tapping in-
terval, was increased in the ET group. Interestingly, repetitive tran-
scranial magnetic stimulation (rTMS) applied on cerebellum reduced
the variability of the rhythmic movements, improving ET patients” per-
formances. Anderson et al. demonstrated that tapping regularity in
ET patients improved following DBS or thalamotomy, suggesting the
implication of the cerebello-thalamo-cortical pathway in this process
(Anderson et al., 2009). Finally, during a rhythmic finger tapping task
performed in the MRI scanner, reduced functional connectivity was ob-
served in the cerebellum as well as in the parietal and frontal cortex in
ET patients, further emphasizing the role played by these regions in ET.

In addition to the role played by cerebellum in these timing tasks,
our fMRI study revealed impaired functional connectivity of the basal
ganglia in ET. Interestingly, these regions have been associated with the
accuracy of time estimates (Fung et al., 2021). Furthermore, patholo-
gies associated with basal ganglia, such as Parkinson’s disease and
Huntington’s disease, have been shown to impair timing perception
(Avanzino et al., 2016).

Bares and colleagues demonstrated that prediction of motor tim-
ings during a dynamic precise timing task was also affected in ET.
In this task, participants aimed to intercept a moving target, requir-
ing the integration of visual prediction of the moving target with mo-
tor response. To mitigate the effect of the tremor, the motor response
consisted of a single button press, releasing a “fireball” at a constant
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speed. ET patients had fewer hits and delayed responses compared to
the control group. Moreover, performances were the most affected in
the subgroup of patients with head tremor, indicating a more advanced
severity of the disease. These results suggest an impaired ability to
integrate feedback with timings. Furthermore, eye-hand coordination
appears to be impaired in ET. In healthy controls, thanks to multisen-
sory integration, performing simultaneously saccadic eye movement
with arm movements reduces the latency of saccades. However, in
ET patients, no difference of saccadic latency was observed between
eye-hand movements and eye movements alone, suggesting an inap-
propriate integration or use of the sensory feedback (Trillenberg et al.,
2006). Finally, some studies even revealed increased tremor with in-
creased visual (Archer et al., 2018) or auditory feedback (Welzel et al.,
2024). During these tasks, participants were required to apply a spe-
cific force while receiving feedback about their performances. Different
gains were applied on the feedback to evaluate performances in high or
low feedback conditions. These studies revealed an increased tremor
severity in the high feedback condition in the ET patients” group.

All these elements seem to support the hypothesis of an erroneous
timing estimation in ET. In order to gather more evidence to confirm
or infirm this hypothesis as well as to relate to the hypothesis of erro-
neous delay estimation supported by the second chapter, we suggest
investigating whether individuals with ET are capable of learning new
artificial sensory delays. A study by Kilteni et al. demonstrated that in-
dividuals can learn and unlearn predicted sensory delays in the context
of self-generated touch (Kilteni et al., 2019). Somatosensory attenuation
occurs during self-generated stimulus, explaining that self-generated
touch feels less intense and less ticklish than externally generated iden-
tical stimulus. This phenomenon relies on brain’s ability to predict the
consequences and timing of our actions. Moreover, Kileteni and Ehrs-
son have linked somatosensory attenuation with the suppression of ac-
tivation in cerebellum, suggesting its involvement in modulating sen-
sory processing during self-generated touch (Kilteni & Ehrsson, 2020).
When introducing an additional delay between the movement and the
resulting touch, people can rapidly learn to attenuate delayed touch.
Future research could test whether essential-tremor patients sensory
attenuation mechanisms are intact but also test whether they are able
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to adapt to artificial sensory delays.

Continuing research on this topic is important to continue clarifying
the mechanisms behind the tremor genesis in ET. Alongside to eluci-
dating these mechanisms, there is a crucial need to identify biomarkers
of the disease and develop more objective behavioral measurements of
the disorder. These elements are essential to improve diagnosis and
improve the monitoring of the progression of the disorder.

5.4 Concluding words

In this thesis, we approached Essential Tremor from a motor control
perspective, providing valuable insights into the underlying mecha-
nisms of the disorder. Through the lens of motor adaptation, we un-
covered intact predictions of perturbations in ET patients, coupled with
erroneous movement execution. Subsequent investigations into pure
feedback control tasks revealed impairments in ET patients. These im-
pairments were replicated by a computational model of motor con-
trol erroneously compensating for sensory delays, an operation typi-
cally associated with cerebellum. Finally, our imaging study revealed
impaired functional connectivity of the cerebellum and its thalamo-
cortical connections in ET, with observed impairments between groups
and correlations with tremor severity. Collectively, our results strongly
support the hypothesis of a cerebellar origin in ET. We believe that this
work lays a solid foundation for future studies on Essential tremor.
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