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Zusammenfassung

Zusammenfassung

In den letzten Jahrzehnten hat sich die Sichtweise auf das Kleinhirn und seine Bedeutung fiir das
menschliche Verhalten von einer Gehirnregion, die lediglich an der motorischen Kontrolle
beteiligt ist, zu einer Region gewandelt, die auch an vielen verschiedenen kognitiven und
affektiven Funktionen beteiligt ist (Koziol et al., 2012). Neurophysiologische Befunde zeigten,
dass das Kleinhirn mit héheren cerebralen Hirnarealen in reziproken neuronalen Schleifen
verbunden ist (Middleton & Strick, 2001), was seinen potenziellen Beitrag zu diesen kognitiven
Funktionen unterstreicht. Eine Konzeptualisierung dieser cerebro-cerebelléren Interaktion liefert
das Vorwirtsmodell (forward model), das davon ausgeht, dass das Kleinhirn nicht nur an der
Aktualisierung sensorisch-motorischer Vorhersagen (Wolpert & Miall, 1996; Wolpert et al.,
1998), sondern auch an der Aktualisierung von perzeptuellen (O. Baumann et al., 2015) und
kognitiven Prozessen (Sokolov et al., 2017) beteiligt ist. Auf der Grundlage des Vorwirtsmodells
wurde das Modell der Handlungsiiberwachung (performance monitoring) entwickelt, das davon
ausgeht, dass das Kleinhirn in unterschiedliche kognitive und affektive Funktionen involviert ist,
einschlieBlich der Verarbeitung von Fehlern und des Lernens aus externalen Feedback-
Informationen, welche der Optimierung und Anpassung des Verhaltens dienen (Peterburs &
Desmond, 2016). Das Lernen aus Feedback im Sinne von Belohnung und Bestrafung ist eine

wichtige Fahigkeit und fiir Entscheidungsverhalten von entscheidender Bedeutung.

Ziel dieser Doktorarbeit war es, die Rolle des Kleinhirns bei der Verarbeitung von Fehlern und
dem Verstirkungslernen aus Feedback auf multimodale Weise zu beschreiben. In der ersten
Studie wurde ein systematisches Review durchgefiihrt, um die bestehende Literatur umfassend
zu sichten und Studien zu identifizieren, die feedback-basierte Lernaufgaben bei Patient:innen
mit Kleinhirnkrankheiten und gesunden Kontrollen verwendeten. Sechsunddreiflig Studien
wurden einbezogen, und die Ergebnisse zeigten, dass etwa die Hilfte aller Patient:innen relevante
Verhaltensdanderungen bei verschiedenen Feedback-Lernaufgaben zeigten. Dariiber hinaus zeigte
das Review, dass eine Studie Hinweise auf Verdnderungen im Elektroenzephalographie-Signal
(EEG) bei Patient:innen mit Kleinhirnschddigung lieferte. Studien mit funktioneller
Magnetresonanztomographie (fMRI) zeigten bei gesunden Proband:innen Aktivierungsmuster im
Kleinhirn in verschiedenen Regionen mit konvergierenden Nachweisen im posterolateralen
Kleinhirn wéhrend der Erwartung/Vorhersage sowie wéhrend der Présentation von

leistungsbezogenem Feedback.

Die zweite Studie untersuchte die Rolle des Kleinhirns bei der Fehlerverarbeitung, wie sie in dem
Modell zur Handlungsiiberwachung beschrieben wird. Eine Go/Nogo-Flanker-Aufgabe wurde

verwendet, um Fehler zu induzieren, wéhrend ein EEG aufgezeichnet und transkranielle
I



Zusammenfassung

Einzelimpuls-Magnetstimulation (spTMS) auf das Kleinhirn und eine extrazerebellare
Kontrollregion (Vertex) in zwei verschiedenen Sitzungen appliziert wurde. Die Fehlerraten in der
Aufgabe unterschieden sich nicht zwischen den Stimulationsorten, aber die fehlerbezogene
Negativitit (engl. error-related negativtity, ERN/Ne: Falkenstein et al., 1991; Gehring et al.,
1993), eine Komponente des ereigniskorrelierten Potenzials (ERP), war bei Stimulation des
Kleinhirns im Vergleich zu Vertex reduziert, was auf einen Beitrag des Kleinhirns zur

Fehlerverarbeitung hindeutet.

Die dritte Studie untersuchte bei Patient:innen mit Kleinhirndegeneration das Verstarkungslernen
und die Verarbeitung bzw. Kodierung von Vorhersagefehlern (engl. prediction Error, PE) in einer
feedback-basierten Lernaufgabe, in welcher parallel ein EEG aufgezeichnet wurde. Die ERP-
Komponenten feedbackbezogene Negativierung (feedback-related negativity: FRN: Holroyd &
Coles, 2002) und P3a/P3b (Polich, 2007) wurden als neuronale/elektrophysiologische Korrelate
fiir Verstirkungslernen analysiert. Zusitzlich wurde eine Magnetresonanztomographie (MRT)
durchgefiihrt, um das Volumen der grauen Substanz (engl. gray matter volume, GMV) des
Kleinhirns zu charakterisieren und die Auswirkungen des GMV auf die Lernleistung, FRN und
P3a/P3b zu analysieren. Die Ergebnisse zeigten keinen Unterschied in der Lernleistung zwischen
Patient:innen und Kontrollen. Fiir die Auswahl der beiden moglichen Antwortoptionen fand sich
eine Reduktion des Wechselverhalten im Verlauf der Aufgabe in allen Proband:innen. Dartiber
hinaus fehlte die Kodierung des PE in FRN, P3a und P3b bei den Patient:innen, wéhrend sie bei
den Kontrollen vorhanden war. Des Weiteren ergab die Analyse der GMV einen Verlust in weit
verbreiteten Kleinhirnregionen, einschlielich der bilateralen Crus I/ II und der bilateralen Lobuli
I-IV im Vergleich zu den Kontrollen. Die multiple Regression fiir die Patienten zeigte eine

negative Korrelation zwischen dem GMV in bilateralen Crus I/ II und der FRN-Amplitude.

Zusammenfassend lésst sich sagen, dass die Ergebnisse aller drei Studien die Hypothese stiitzen,
dass das Kleinhirn an Prozessen der Handlungsiiberwachung in Bezug auf die Fehlerverarbeitung
sowie das Verstiarkungslernen und die PE-Verarbeitung beteiligt ist. Zukiinftige Forschung muss
mithilfe von Studien mit und ohne Patient:innen sowohl in aufgabenbasierten MRT-Studien als
auch in Studien mit nicht-invasiver Hirnstimulation weitere Schliisse ziehen, inwieweit das

Kleinhirn an diesen Prozessen beteiligt ist.

v
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Summary

Over the last decades, the perspective on the cerebellum and its significance for human behavior
changed from a brain region exclusively involved in motor control towards a region contributing
to many different cognitive and affective functions (Koziol et al., 2014). Research discovered
neuronal pathways that connect the cerebellum with higher cerebral brain areas in reciprocal loops
(Middleton & Strick, 2001), underlining its potential contribution to these cognitive functions. A
conceptualization of this interaction is provided by the forward model which assumes that the
cerebellum is not only involved in updating sensorimotor predictions (Wolpert & Miall, 1996;
Wolpert et al., 1998) but also in updating of perceptual (O. Baumann et al., 2015) and cognitive
processes (Sokolov et al.,, 2017). Based on the forward model, the model of performance
monitoring was developed, which assumes that the cerebellum processes different cognitive and
affective functions, including the processing of errors and learning from (external) feedback
information, which serve to optimize and adapt behavior (Peterburs & Desmond, 2016). Learning
from feedback information in the sense of reward and punishment is therefore an important ability

and is crucial for decision-making behavior.

This doctoral thesis aimed to characterize the role of the cerebellum in processing errors and in
learning from feedback in a multimodal fashion. In the first study, a systematic review was
conducted to comprehensively review literature to identify studies using feedback-based learning
tasks in patients with cerebellar diseases and healthy controls. Thirty-six studies were included,
and results revealed that about half of all patients showed behavioral alterations across different
tasks. In addition, the review showed that one study provided alterations in neural responses to
feedback as revealed by electroencephalography (EEG) in patients with cerebellar damage.
Studies using functional magnetic resonance imaging (fMRI) showed cerebellar activation
patterns in different regions in healthy participants with converging evidence in the posterolateral

cerebellum for the anticipation and presentation stage of feedback.

The second study investigated the role of the cerebellum for error processing as described in the
model on performance monitoring. A Go/Nogo Flanker task was used to induce errors wile
recording EEG and applying single-pulse transcranial magnetic stimulation (spTMS) on the
cerebellum and an extra-cerebellar control region (vertex) in two different sessions. Error rates
did not differ between the stimulation sites but the error-related negativity (ERN/Ne: Falkenstein
et al., 1991; Gehring et al., 1993), a response-locked event-related potential (ERP) component,
was reduced for cerebellar compared to vertex stimulation, thus pointing towards a contribution

of the cerebellum in error processing.



Summary

The third study investigated reinforcement learning and prediction error (PE) processing in
patients with cerebellar degeneration by conducting a feedback-based learning task while
measuring EEG. The ERP components feedback-related negativity (FRN: Holroyd & Coles,
2002) and P3a/P3b (Polich, 2007) were analyzed as indicators of reinforcement learning.
Additionally, MRI was measured to characterize the cerebellum’s gray matter volume (GMV)
and to identify potential links between GMV reduction in patients and accuracy, FRN, and
P3a/P3b. The results showed no difference in accuracy between patients and controls. For the
selection of the two possible response options, a reduction in switching behavior during the course
of the task was found in all participants. In addition, coding of the unsigned PE in FRN, P3a and
P3b was absent in patients while it was present in controls. Moreover, analysis of the GMV
revealed reduction in widespread cerebellar regions including bilateral Crus I/ II and bilateral
lobules [-IV compared to controls. Multiple regression analysis demonstrated a negative

correlation between the GMV in Crus I/ I and the FRN amplitude.

In conclusion, the results gathered from all three studies support the hypothesis that the
cerebellum is involved in performance monitoring in terms of error processing as well as
reinforcement learning and PE processing when feedback is used for learning. Future research
will need to further investigate the extent to which the cerebellum is involved in these processes
based on studies with and without patients, both in task-based MRI studies and in studies with

non-invasive brain stimulation.

VI
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Introduction

1 Introduction

When you walk on the street while talking to a friend and giving him the direction to the next best
restaurant by moving your arm and pointing with your index finger, multiple motor
representations are processed simultaneously within the brain, and coordination as well as fine-
tuning of all of these functions is orchestrated with the involvement of the cerebellum. The
cerebellum, also referred to as the “little brain™, is located at the back of the head, beneath the
cerebral hemispheres and posterior of the brainstem. It is connected to various brain regions of
the cerebrum through multiple afferent and efferent pathways (Kang et al., 2021; Middleton &
Strick, 1994, 2001; Palesi et al., 2017), enabling the cerebellum to be an important neuronal hub
for motor control, coordination, and planning. The cerebellum’s role for motor control was
already identified more than 200 years ago in landmark work by researchers such as Rolando
(1809), Fodéra (1823), and Flourens (1842). These researchers and many more identified
symptoms of altered movement control and coordination in patients with damaged cerebellar
tissue that could not be explained by other reasons, such as the mere loss of muscle strength (for
a detailed review on the history of cerebellar research, see Manto, 2008). These initial clinical
observations laid the foundation for cerebellar research in the following centuries, including the
quest for a detailed description of the cerebellum’s neuroanatomy, neurophysiology, and its
interplay with other brain regions as well as its contributions to motor (Cabaraux et al., 2023;
Manto et al., 2012) and even non-motor functions (Daum, Ackermann, et al., 1993; Leiner et al.,

1986).
1.1 The functional neuroanatomy of the cerebellum

The neuroanatomy of the cerebellum is distinct from the composition of the cerebrum because of
its uniform neuroarchitecture (Ramnani, 2006; Sillitoe & Joyner, 2007) and extensive foldings
that are tighter than in the cerebrum (Diedrichsen & Zotow, 2015). The folia (lat. leaves) of the
cerebellum's surface increase the total surface area of the cerebellum and enable the cerebellum
to be more densely packed with almost 80 % of all neurons in the entire brain, which also
contributes to more processing capacity and computing power (Herculano-Houzel, 2009, 2010).
Recent research on the cerebellar surface revealed that an unfolded human cerebellum reflects
around 78 % of the surface area of the neocortex in humans, whereas the unfolded macaque
cerebellum reflects only around 33 % of the surface area of the neocortex in macaque monkeys
(Sereno et al., 2020). This interspecies difference in ratio caused by the evolutionary development
of the human cerebellum was interpreted by Sereno et al. (2020) as a key reason for the human

motor and non-motor capabilities.



Introduction

The human cerebellum is located in the posterior fossa of the brain and connected with the
brainstem via three pairs of cerebellar peduncles (superior, medial and inferior peduncles). Macro
anatomically it is constituted by two hemispheres that are each connected to a phylogenetically
older structure called vermis (Leiner et al., 1991). The vermis is located medial within the
cerebellum, has a worm-like shape and contains one of the four cerebellar nuclei, the fastigial
nucleus. Both cerebellar hemispheres consist of ten lobules (counted from lobule I-X: see Figure
1A for an image of the cerebellum in coronal plane) that constitute the cerebellar cortex. The
cerebellar cortex reveals a tree-like shape of the white matter tracts which are also referred to as

the arbor vitae (lat. tree of life: see Figure 1).

The cerebellum can be divided into its three major lobes which comprise the ten lobules (see
Figure 1B for an image of the cerebellum in sagittal plane) that were also identified to be

functionally distinct (Voogd, 2003).

The first lobe is the anterior lobe (encompassing lobule I-V) located above the primary fissure
and primarily involved in coordinating the body posture and fine tuning of muscle movements.
The anterior cerebellum receives afferent signals from the spinal cord via the anterior
spinocerebellar tract and is therefore also called the spinocerebellum. Damage in the anterior lobe
can cause symptoms such as intention tremor, i.e., a tremor when goal-driven movements

including visual feedback are performed (Kovacs et al., 2019).

The second major lobe is the posterior lobe (including lobule VI-IX) which is located below the
primary fissure and involved in movement planning and execution as well as many different non-
motor functions (Koziol et al., 2014; Peterburs & Desmond, 2016). The posterior lobe, also called
cerebrocerebellum, neocerebellum, or pontocerebellum, is the phylogenetically youngest part of
the cerebellum. From the ten lobules of the cerebellar hemispheres, the lobule VI and Vlla
(encompassing Crus I and II) located in the posterior lobe, are significantly larger in humans than
in other species (Leiner et al., 1991). Importantly, the cerebellum receives input from the
cerebrum via the pontine nuclei and subsequently via the largest peduncle, the medial cerebellar

peduncle, that relays the signal to the contralateral hemispheres of the cerebellar posterior lobe.

The third cerebellar lobe is the flocculonodular lobe (lobule X), consisting of the flocculus and
nodulus and located below the posterolateral fissure. It is primarily involved in coordinating eye
movements, balance, and vestibular reflexes (Ito, 1982). The vestibulocerebellum comprises both
the flocculondar lobe and the vermis and is the phylogenetically oldest region of the cerebellum
(Klein et al., 2016). This region of the cerebellum receives afferent input from the medial and

inferior vestibular nuclei via the inferior cerebellar peduncle.
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Figure 1. Panel A shows the cerebellum in the coronal plane (blue) marking the cerebellar lobules and panel

Crus I
'

B shows the cerebellum in the sagittal plane with view on the anterior and posterior cerebellar lobe. Image

courtesy of my wife Bianca Berlijn-Berndt.

Importantly, the inferior cerebellar peduncle receives input from different fiber tracts, namely,
the posterior spinocerebellar tract, the cuneocerebellar tract, and the trigeminocerebellar tract
which are linked to the processing of proprioceptive information of the body (e.g., face, arm
movements). In addition, nuclei of the inferior olive in the spinal cord send projections via the
olivocerebellar tract which end as climbing fibers in the cerebellum and are, besides the mossy

fibers, the major source for input signal to the cerebellum (Lang et al., 2017; Strata, 1998).

Furthermore, the cerebellum receives blood supply via three different arteries that are also
involved in cerebellar stroke (Datar & Rabinstein, 2014; Macdonell et al., 1987). These arteries
include the posterior inferior cerebellar artery (PICA) which mainly supplies the inferior vermis
and the inferior posterior cerebellum, the anterior inferior cerebellar artery (AICA) which supplies
the anterior part of the cerebellum as well as the flocculus, middle cerebellar peduncle, and the
lower pontine tegmentum. The superior cerebellar artery (SCArt) supplies the superior half of the
cerebellar hemispheres, the vermis, the dentate nuclei, and the upper pontine tegmentum (Tatu et
al., 2012). All three arteries together build an anastomotic network on the cerebellar surface

(Pasco et al., 2002).
1.1.1  Deep cerebellar nuclei

The cerebellum comprises four paired nuclei (also referred to as deep cerebellar nuclei), which
all have in common that they are the only output structure for signals from the cerebellar cortex

to higher cerebral areas (Habas, 2010). The fastigial nuclei are the most medial located deep
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cerebellar nuclei and lie within the vermis. The caudal fastigial nuclei receive input from the
vermis processing information on the eye movements such as saccades (Kleine et al., 2003) and
the rostral portions receive information from the vestibular nuclei processing proprioceptive
information to correct spatial movement execution (Brooks & Cullen, 2009). The globose and
emboliform nuclei grouped together as the interposed nucleus are located lateral from the fastigial
nuclei and receive signals from paravermal regions (Cacciola et al., 2019). The interposed nucleus
sends contralateral output signals to the mesencephalic nucleus ruber (also known as red nucleus)
which again sends contralaterally output to the rubrospinal tract so that the ipsilateral side of the
body is innervated by the same side of the cerebellum. Fastigial and interposed nuclei are assumed

to be involved in both voluntary and automatic movement coordination (Habas, 2010).

The dentate nuclei which are the most lateral and prominent cerebellar nuclei receive information
from the lateral cerebellar cortex. Efferent signals are sent from the dentate nuclei to the superior
cerebellar peduncle and subsequently via the dentothalamical tract to the contralateral
ventrolateral thalamus which relays this signal to higher cerebral structures such as the primary
motor cortex (Dum & Strick, 2003). In addition, they can be phylogenetically separated into a
ventrolateral and dorsomedial part that are functionally distinct (Dum & Strick, 2003; Leiner et
al., 1991; Middleton & Strick, 1994). The dorsomedial part is phylogenetically older than the
ventrolateral part and similar to the dentate in other species (Leiner et al., 1991). The functional
relationship of the ventrolateral dentate nucleus was investigated in a study by Dum and Strick
(2003) using a herpes simplex virus to conduct retrograde trans-neuronal tracing in animals. Using
this approach, they identified which cerebral structure was connected to which zone of the dentate
nucleus. They found a structural correspondence of the primary motor cortex (M1) with the dorsal
dentate in the mid-rostrocaudal level. Interestingly, injections in areas of the cerebrum that are
supposed to be involved in non-motor, cognitive functions such as the intraparietal sulcus
(Hamilton & Grafton, 2006; Tunik et al., 2007) showed correspondence in ventral parts of the
caudal dentate. These findings suggest a functional dissociation for motor and non-motor
functions within the organization of the dentate nuclei and a close relationship to cerebral

structures (Tellmann et al., 2015).
1.1.2  Cerebellar cell structure and function

The cerebellar cortex is formed by three different layers that contain different types of neurons
and fibers that were already described back in the early 20" century by Ramon y Cajal (1909).
The first layer on top of the cerebellar white matter is the granule layer which contains the granule
cells, unipolar brush cells as well as Golgi cells and climbing fibers. The granule cells make up

about 99 % of all cells within the cerebellum (Consalez et al., 2021) and the granule and unipolar
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brush cells are the only excitatory (glutamatergic) cells in the cerebellum. The projections of the
granule cells end in the neighbored Purkinje cell layer where the Purkinje cells are located. The
Purkinje cells are large in comparison to other cells within the brain (Bower, 2015), and their
influence on the synaptic transmission is inhibitory through the neurotransmitter Gamma-
aminobutyric acid (GABA) along with interneurons such as Golgi cells, stellate cells, and basket
cells. The dendrite trees of the Purkinje cells located in the third, the molecular layer of the
cerebellar cortex, receive excitatory input from two distinct fiber systems. First, each Purkinje
cell receives signals from one climbing fiber that originates from the inferior olive which is also
connected to the cerebellar nuclei. Second, each Purkinje cell receives signals from the
glutamatergic mossy fibers that are connected via four to five granule cells (as so called glomeruli
see Consalez et al., 2021) to parallel fibers, forming thousands of parallel fibers synapses with the
massive dendrite trees of the Purkinje cells. Additionally, the stellar and basket cells located in
the molecular layer, close to the Purkinje cells bodies function as inhibitory interneurons forming
together synapses that project on the dendrites of the Purkinje cells using GABA. The inhibitory
efferent fibers of the Purkinje cells represent the only output neurons of the cerebellar cortex and
project further via the white matter to the deep cerebellar nuclei and modulate their output signal

to other brain regions (Ishikawa et al., 2014).
1.1.3  Cerebellum and microzones

Purkinje cells are well organized within the cerebellar cortex and ordered according to
longitudinal “microzones” that demonstrate the same output to climbing fiber input (De Zeeuw,
2021; Kostadinov & Hausser, 2022; Leiner et al., 1991; Oscarsson, 1979). These microzones are
oriented in sagittal direction and perpendicular to the cortical surface of the cerebellum with a
width of less than 200 pm. Each microzone’s output activity is determined by the respective
activity of multiple, synchronously active Purkinje cells within the zone that elicit patterns of
simple and complex spiking (Palmer et al., 2010). The excitatory climbing fibers trigger complex
spiking activity at the Purkinje cells that have an upward deflection at a low frequency rate
(between 0.5 Hz and 2 Hz: Kostadinov & Héausser, 2022; 1 Hz and 7 Hz: De Zeeuw, 2021). In
contrast, Purkinje cells generate an endogenous and rapid firing of electrical activity called simple
spiking. The rapid firing of simple spiking is characterized with a downward deflection in the
activation and can exceed the frequency of 100 Hz (Palmer et al., 2010; Raman & Bean, 1999).
The mossy fibers and interneurons can modulate the spontaneous firing activity of the Purkinje
cells by excitatory and inhibitory synaptic transmission. In addition, complex spiking can
suppress subsequent simple spiking activity by dendrite spikes (Davie et al., 2008) and Purkinje

cells are able to adjust their firing rate according to the synaptic transmission of the granule cells
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(Walter & Khodakhah, 2006), increasing the complexity of modulations by the electrical activity

of the Purkinje cell within a respective microzone.

Functionally, microzones are categorized by the type of synaptic plasticity produced by the
stimulation at the interface between parallel fibers and the Purkinje cells (De Zeeuw, 2021; De
Zeeuw & Brinke, 2015). This stimulation can cause both long-term depression (LTD: Ito et al.,
2014), a decrease in the strength of the postsynapse, and long-term potentiation (LTP: Gutierrez-
Castellanos et al., 2017), increasing the postsynaptic strength. In addition, spike-timing can have
an influence on the synaptic transmission. For instance, a stimulation of the parallel fibers can
modulate the subsequent synaptic transmission in the complex spikes induced by climbing fibers
which is called spike-timing dependent plasticity (STDP: Hausser & Clark, 1997). Nevertheless,
LTD and LTP are the fundamental mechanisms for motor (De Zeeuw, 2021; De Zeeuw & Brinke,
2015) and non-motor learning (Kostadinov & Héausser, 2022; Tsutsumi et al., 2019). Multiple
microzones together are represented as microcomplexes including projections to e.g., the
cerebellar nuclei. It is assumed that thousands of microcomplexes exist within the cerebellum
(Ito, 1984). The highest level arrangement, including multiple microcomplexes as the synergy of
Purkinje cells, cerebellar and vestibular nuclei as well as neurons within the nucleus of the inferior
olive, are called micromodules (De Zeeuw, 2021). In sum, the histological findings demonstrate
a complex interplay of cells and fibers within the cerebellum that enable the cerebellum to

somehow change its activation patterns and neuronal plasticity.
1.2 Cerebellum and motor control

In 1984, Masao Ito published his seminal book “The Cerebellum as Neural Control”, summarizing
scientific work that had shed light on the involvement of the cerebellum in motor functions
including novel insights on the inhibitory role of the Purkinje cells (Ito & Yoshida, 1964), LTD
mechanisms within the cerebellum (Ito et al., 1982), and on the general neuronal circuity of the
cerebellum as described by Sir John Eccles (1967) and colleagues. Ito postulated that analogous
to a computer, the cerebellum acquires motor skills using computational programs termed
“internal models”. These internal models contain information in form of neuronal patterns of
motor representation including input from the external world (see Ito, 2008). In detail, the idea
of internal models was conceptualized according to the known neuroanatomical structures that
were dominantly seen to enable motor control. In this conceptualization, the motor cortex was
described as a controlling unit that receives input from other cerebral areas such as the premotor
cortex, supplementary motor area (SMA), and anterior cingulate cortex (ACC). Further, it was
assumed that the motor cortex processes the available input information and sends efferent signals

to the extremities of the body, e.g., a command to move the hand (Ito, 2008). In addition, the
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motor cortex can receive and process external visual information of the body like the current hand
position via occipital structures including the visual cortex to modulate its efference signal by
integrating new sensory information of the current state and adjusting the hand position, if
necessary, accordingly. All of these neuronal interactions are assumed to be reflected by internal
models, presumably generated within the cerebellum through reciprocal connections with
cerebral brain regions via the cerebello-thalamo-cerebral and cerebral-ponto-cerebellar loops
(Middleton & Strick, 2001; Palesi et al., 2017). It is assumed that the cerebellum maintains this
internal model as a representation of the movement (motor representation) to make fast and
smooth transitions/adjustments possible (Blakemore, Goodbody, & Wolpert, 1998; Ito, 1993;
Wolpert et al., 1998). Therefore, it is believed that the cerebellum generates different internal
models that become/are activated depending on specific action/movement requirements in a given
situation. Modelling these internal models within the cerebellar circuity has been done in many
studies over the last decades (see Kawato et al., 2021) which was also feasible due to the clearly

arranged cerebellar neuroarchitecture (Ramnani, 2006; Sillitoe & Joyner, 2007).
1.2.1  Forward and inverse model

Two major perspectives on these internal models are discussed in the literature, the forward, and
the inverse model (Ito, 2008; Wolpert et al., 1998). According to the forward model, the
subsequent movement of for instance a hand is predicted by available information of the motor
commands efference copy and compared against the actual sensory consequences of the
movement. In this example, mismatches in terms of a (sensory) prediction error (PE) signal
between the generated predictions of e.g., the appropriate velocity and positioning of the hand are
processed and adjusted according to the available sensory information. Therefore, the forward
model is involved in generating predictions of outcomes. In contrast, the inverse model (Wolpert
et al., 1998) generates the necessary motor command to achieve the appropriate movement
(Sokolov et al., 2017; Wolpert et al., 1998). A combination of both modelling approaches was
provided by Wolpert et al. (1998) called “multiple paired forward-inverse models” which
constitutes the idea of two modules that are paired with each other and activated when the sensory
outcome of a movement within a specific context can be predicted by one of the many paired
modules. Within this model, the movement must first be evaluated to find the responsible module
to optimally predict the outcome so that the suitable modules can learn from these predictions for
future movements. Deviations between the sensory feedback and the generated predictions are
reflected in PEs that create an internal error signal. PEs in general are smaller or even absent when
the predictions align with the sensory feedback. Accordingly, a smaller PE indicates a stronger
functional role of the forward model because it better models the sensory information. In addition,

an inverse model delivers in each module a control signal to adjust the prediction generated by
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the forward model. The models themselves are weighted within each module to estimate which
contribution of which model is more successful for the given movement. In the case of high PEs
within the forward model, the inverse model receives less error signals (a decreased error signal)

and contributes more to the final motor command for the respective movement.
1.2.2  Timing control, sensory prediction, and the cerebellum

One functional aspect identified within the cerebellum’s neurophysiology is the representation
and control of timing (Breska & Ivry, 2016; Coull et al., 2011; Ivry & Keele, 1989; Ivry &
Spencer, 2004; Ivry et al., 2002). Going back to the example from the very beginning,
coordinating movements to show a friend the way to the restaurant involves multiple movements
and therefore learning of motor sequences to appropriately time the moving of the arm, opening
the hand, and pointing with the finger. Timing control was investigated in a seminal study by Ivry
and Keele (1989) in which patients with a diseased cerebellum, besides patients with Parkinsons
disease (PD) and patients with cerebral damage, had to perform two different tasks. First, they
had to execute rhythmic movements, and second, they were instructed to discriminate different
time intervals. The cerebellar patients were the only patients who showed deficits for both tasks
including more variability when tapping rhythms and less accuracy in the perception of the time
intervals. Building upon this initial observation, more evidence was found in lateral cerebellar
activity when timing was the only source to learn the sequence of finger movements while no
motor execution was necessary (Braitenberg et al., 1997; Sakai et al., 2002). The control of timing
in longer time scales (several seconds) was found to be reflected in the activity of other brain
regions such as the basal ganglia, the SMA, and the cerebral cortex (Spencer & Ivry, 2021). These
regions partly overlap with brain regions involved in the forward model (Wolpert et al., 1998).
Sensory PEs are likely generated by the inferior olive and updated within the cerebellum using
available sensory input, enabling the cerebellum to learn to produce correct movements (Schlerf
et al., 2012). Interestingly, findings on the cellular level suggest a pivotal role of the granule cells
within the cerebellum for representing timing control because the synaptic activity and neuronal
oscillation in granule cells is rapid (in a milliseconds range) and could therefore constitute the

fundamental units for learning smooth and precise movements (Bares et al., 2019).

Besides the representation of timing, research on the sensory prediction of movements
demonstrated the cerebellum’s involvement in tactile stimulation (Blakemore, Goodbody, &
Wolpert, 1998; Blakemore, Wolpert, & Frith, 1998). In a study using functional magnetic
resonance imaging (fMRI) and a device that allowed to induce self and externally generated tactile
stimulation, less activation in the anterior cerebellum was found when the self-initiated movement

caused a tactile stimulation than when it did not. In addition, the somatosensory cortex
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demonstrated increased activity when the tactile stimulation was produced by an external source.
According to the forward model, the cerebellum predicted the sensory consequences of the
movement and compared the outcome with the prediction. Thus, the prediction of a self-tickle is
assumed to match the predictions generated in the cerebellum and therefore resulted in less
cerebellar activation compared to mismatching predictions, i.e. PEs. Also, this is suggested to be
the reason why an individual's own tactile stimulation is perceived as less strong than when it is
generated externally. In addition, this finding was not domain specific and similar effects
supporting the forward model were found when sounds were self- vs. externally generated (Knolle

etal., 2013).

In sum, the cerebellum is considered to process sensorimotor predictions and control of timing in
a holistic fashion that is not dependent on a single task and motor function but an overarching
function and computational program (Bares et al., 2019; Ivry & Spencer, 2004; Spencer & Ivry,
2021).

1.3 Cerebellum and cognition

The notion that the cerebellum enables not only the learning of sensorimotor (Bares et al., 2019;
Manto et al., 2012) but also cognitive abilities (Jacobi et al., 2021; Koziol et al., 2014; Timmann
& Daum, 2007) was initially discussed by Leiner et al. (1986), almost forty years ago. Leiner et
al. (1986) summarized evidence of cerebellar lesion patients demonstrating different cognitive
alterations. For instance, in one patient, the anticipatory use of cues to improve performance was
absent and in another patient, the ability to imagine movements was altered and only vaguely
mentally represented. Interestingly, they also observed that damage to phylogenetically newer
regions of the cerebellum (posterior cerebellum) and damage to the tracts that connect the
cerebellum to higher cerebral areas such as the cerebral-ponto-cerebellar tract did not always
result in motor deficits. Aside from the application of the forward model for the motor domain,
Leiner et al. discussed the possibility of extending the cerebellum’s role as an adaptive control
device in the sense of the forward model (Ito, 1984) to cognitive functions. They integrated
emerging observations of cognitive deficits in patients suffering from cerebellar damage in
language processing during a word association task (Petersen et al., 1989). The activation of the
motor execution of speech was related to activation in the superior anterior lobe whereas the word
association itself showed activation in the right inferior lateral hemisphere of the cerebellum
(Leiner et al., 1986, 1991). In addition, Grafman et al. (1992) used the Tower of Hanoi task to see
whether impairments of problem-solving were present in patients with cerebellar degeneration
compared to healthy controls. Results demonstrated that a subgroup of nine patients with pure

cerebellar degeneration solved significantly less problems than the control group. Moreover, a
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single-case study with a patient suffering from right cerebellar damage revealed multiple

cognitive functions to be impaired, including functions such as error awareness (Fiez et al., 1992).

Besides these results in patients, large bilateral activation of the dentate nucleus was found when
healthy participants solved a pegboard puzzle (S. G. Kim et al., 1994). More evidence on the
involvement of the cerebellum in cognitive processes were demonstrated by Schmahmann and
Sherman (1998). In their study, twenty patients with different post-acute vascular cerebellar
lesions were tested with different neuropsychological tests. The patients demonstrated impaired
executive functions such as shifting between different sets and problem-solving. In addition,
verbal fluency was impaired and further changes in personality traits, and loss of affect were
observed. Leiner et al. (1991) described a similar effect related to atrophy within the midline of
the cerebellum found in the study by Gutzmann and Kiihl (1987). Interestingly, Schmahmann and
Sherman (1998) also observed that damage to the posterior lobe of the cerebellum and bilateral
lesions were associated with stronger deficits in executive functions. These various non-motor
symptoms have been labelled with the term cerebellar cognitive affective syndrome (CCAS) or
Schmahmann’s syndrome, encompassing alterations in executive functions, visuo-spatial
processing, personality traits, logical reasoning, and language processing. These non-motor
symptoms were also the foundation for the dysmetria of thought theory (Schmahmann, 1996,
2000; Schmahmann et al., 2019; Schmahmann & Sherman, 1997). Dysmetria refers to the
disorder of voluntary actions resulting in impaired decisions and executions of actions that

comprise the motor and non-motor (cognitive) domain.
1.3.1 Internal models of cognition

Looking closer at the cognitive functions processed within the cerebellum, it is reasonable to
assume that the cerebellum also generates internal models for this domain (Ito, 1984; Sokolov et
al., 2017; Wolpert et al., 1998), which have their neurophysiological equivalent in the Purkinje
cells arranged in microzones, complexes, and modules (Kostadinov & Hausser, 2022; Medina,
2011). Sokolov et al. (2017) discussed the function of internal models for cognition following the
forward model of sensorimotor control. Similar to this model, the forward model of cognition
sees the cerebellar cortex and the deep cerebellar nuclei as the predictor, receiving information
from the associative cortex as efferent copies via the pons. The predictor (deep cerebellar nuclei
and cerebellar cortex) for action outcomes receives not only input by the pons but also input from
the inferior olive that sends a PE signal. The inferior olive in turn receives its signal from the
associative cortex in the form of sensory and cognitive information that is also provided via the
thalamus. In turn, the updated information is sent back from the cerebellar cortex via the deep

cerebellar nuclei to the thalamus and back to the associative cortex. An open question in this
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model is where the actual comparison between the predicted future outcomes of cognitive states
takes place to estimate the PE and to generate the error signal. They assumed that this comparator,
responsible for determining the PE, could be located in or close to the inferior olive. Supporting
evidence for the reciprocal exchange of information on cognitive states was provided by Kelly
and Strick (2003). They identified a loop that enables the cerebellum to receive, predict, and send
updated information back to higher cerebral structures through the neuroanatomical
interconnection of the Purkinje cells in the region Crus II of the cerebellum and the middle fontal
area in the cerebrum corresponding roughly to dorsolateral regions of the prefrontal cortex (PFC).
In addition, many fMRI studies found supporting evidence for these connections (Buckner, 2013;
Buckner et al., 2011; Stoodley & Schmahmann, 2009, 2018) for many different cognitive
functions (Keren-Happuch et al., 2014).

1.4 Universal transform theory and multiple functionality hypothesis

Derived from the forward model of movement and cognition and the observed cognitive
distortions caused by symptoms that were described as CCAS (Schmahmann, 2019), two
competing perspectives on the way of how the cerebellum generally computes information are
currently discussed, the universal transform theory (Guell et al., 2018) and the multiple
functionality hypothesis (Diedrichsen et al., 2019). The major difference between these
perspectives is the assumption that the cerebellum, based on its uniform neuroarchitecture
including multiple similarly emerging microcomplexes, uses one universal algorithm that is
capable of representing all motor and non-motor functions (universal transform theory: Guell et
al., 2018). This is similar to the notion that the cerebellum computes timing and control of timing
as a task-independent mechanism (Spencer & Ivry, 2021). In contrast, according to the multiple
functionality hypothesis, the cerebellum is assumed to process different algorithms, each
dedicated to specific motor and non-motor functions that follow specific principles (Diedrichsen

etal., 2019).
1.5 Cerebellar diseases

Knowing the cerebellar cellular neurophysiology, the neuronal pathways connecting the
cerebellum with other brain regions, and the concept of internal models in motor and non-motor
learning helps to explain and understand which symptoms arise in the diseased cerebellum.
Cerebellar diseases like cerebellar ataxia cause primarily severe motor impairments such as gait
ataxia, involuntary eye movements (nystagmus) and distortions in speech (dysarthria) which are
caused by different aversive events damaging the cerebellum (Manto, 2022; Manto & Marmolino,
2009). In addition, the diseased cerebellum affects non-motor functions according to the CCAS

(Argyropoulos et al., 2020; Schmahmann, 1996, 2004).
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A fundamental differentiation within the cluster of cerebellar disease is characterized by the
anatomical distribution of neuropathological changes. In focal cerebellar ataxias, inflammatory,
tumorous or vascular lesions (ischemic strokes) of the cerebellum affect a circumscribed area
within the cerebellum (Manes et al., 2009), which also enables the mapping of lesions to specific
symptoms, allowing to draw conclusion from the lesion location to the observed motor and
cognitive symptoms (Timmann et al., 2008). In contrast, non-focal, global damage in terms of
diffuse degenerative atrophy of the cerebellum is frequently caused by hereditary, acquired or

sporadic-degenerative processes (Klockgether et al., 2019).
1.5.1 Focal — vascular — lesions of the cerebellum

Focal vascular lesions of the cerebellum are rare within the cluster of strokes and reflect only
around 1-4 % of all ischemic stroke events. An ischemic stroke is caused by a vascular occlusion
that leads through a reduction of the blood and oxygen supply of the corresponding vascular
territory to a damage of the respective brain region (Iadecola & Anrather, 2011). Not so for
hemorrhagic strokes, which directly damage the brain by intracranial bleeding after vessel
rupture. In the cerebellum, hemorrhagic strokes are often located close to the dentate nuclei and

are mostly caused by arterial hypertension (Sarikaya & Steinlin, 2012).
1.5.2  Degenerative — hereditary - diseases of the cerebellum

Non-focal degenerative cerebellar ataxias involve the entire cerebellum and can be classified into
the following three main classes: hereditary ataxias, acquired ataxias, and sporadic-degenerative
ataxia (Jacobi & Minnerop, 2021). Some types of degenerative cerebellar ataxia also show
damage in non-cerebellar regions, although clinically the cerebellar ataxia defines the key
symptom. This applies to various hereditary ataxias (e.g. SCA3), but also to sporadic forms such
as multisystem atrophy, that causes widespread neuropathological degeneration (MSA: Fanciulli
& Wenning, 2015). On the other hand, even degenerative cerebellar disorders classified as almost
“pure” cerebellar (e.g. SCA6, sporadic adult-onset ataxia of unknown etiology (SAOA)) may
show degeneration in non-cerebellar regions such as the Pons, closely connected with the
cerebellum (Abele et al., 2007). Therefore, a clear distinction between degenerative diseases that
predominantly damage the cerebellum vs. degenerative diseases that additionally affect non-
cerebellar regions is essential in order to be able to identify the unique contribution of the

cerebellum to specific motor and non-motor symptoms.

An important group within the non-focal, degenerative cerebellar ataxias are hereditary ataxias,
(Klockgether et al., 2019; Sullivan et al., 2019; van Prooije et al., 2021). Hereditary ataxia is
clinically grouped into the following three categories: autosomal dominant cerebellar ataxia

which encompass the many different spinocerebellar ataxia (SCA) subtypes (currently more than
12



Introduction

40 subtypes: Diallo et al., 2021) that have a worldwide prevalence of 2.7 out of 100,000,
autosomal recessive ataxias such as Friedreich’s ataxia (FRDA, 3.3 out of 100,000), and x-linked
ataxias (prevalence is 1 out of 4000 - 5000 people: Lanza et al., 2020; Puccio & Koenig, 2002;
van Prooije et al., 2021; Zanni & Bertini, 2011). Causal treatment of these rare diseases is not
available in most cases, so measures to maintain mobility and speech as well as medication to
alleviate symptoms is indispensable (Klockgether et al., 2019). The different hereditary ataxias
are caused by a variety of physiological abnormalities such as channelopathies that cause
alterations in ion-channels, cell autophagy, mitochondrial dysfunction, and pathogenic
Ribonucleic acid (RNA) gain-of-function (Sullivan et al., 2019). Many SCA subtypes as well as
Huntington’s disease (Stoyas & La Spada, 2012) are genetically caused by cytosine-adenine-
guanine trinucleotide (CAG) repeat expansions within a coding exon that causes an abnormal
polyglutamine (PolyQ) expansion repeat length. The CAG repeat length can affect the expression
level of the respective gene (K. Baumann, 2015), leading to misfolded PolyQ proteins creating
dysfunctional cells that cause ultimately the observed progressive degeneration within the
cerebellum. In SCA1-3, the mutation of the ataxin-gene results in the pathological transcription
of proteins, whereas in SCAG6, alterations in the CACNA1 gene leads to Purkinje cell loss and an

exclusive cerebellar degeneration (Currie et al., 2013).

Importantly, many SCA types such as SCA1-3, 5, 6 and 14-16 are supposed to cause ataxia
symptoms by the dysfunction of the Purkinje cells calcium signaling causing the cells to die
(Kasumu & Bezprozvanny, 2012; Leto et al.,, 2016). Interestingly, Purkinje cell size was
associated with other neurodevelopmental diseases such as autism (Fatemi et al., 2002) and
schizophrenia (Tran et al., 1998), thus extending the importance of a healthy cerebellum to a wide
range of diseases that affect cognition. Since SCA is hereditary, there is a clustering of specific

SCA subtypes in different parts of the world (Diallo et al., 2021; Salman, 2018).

Different SCA types and other hereditary ataxias affect the cerebellum to different degrees.
Whereas patients witch a diagnosed SCA6 compared to healthy controls revealed significant
reduction of gray matter volume (GMV) in the cerebellum and cerebellar nuclei as well as less
blood-oxygen level-dependence (BOLD) signal measured with fMRI, patients with FRDA
showed no GMYV reduction, and patients with SCA3 (also called Machado-Joseph disease, Ruano
et al., 2014) demonstrated only a low impact on GMV (Stefanescu et al., 2015). Besides, FRDA
has been identified to affect the cerebello-cerebral pathways, leading to a reduction in structural
and functional connectivity between the anterior cerebellum and frontal brain areas which also
correlated with the severity of the disease (Kerestes et al., 2023). In addition, it was shown that
in SCAG6 patients, the dentate nuclei were significantly degenerated with a loss of iron and reduced

mass in the wall and body of the dentate nuclei (Jaschke et al., 2023). These results from imaging
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studies suggest that the genetic diseases have different effects on the cerebellum’s structure and

connections to higher brain regions.
1.5.3 Assessment of motor and non-motor symptoms in cerebellar ataxias

The effects of cerebellar degeneration in SCA patients can be observed on the level of motor and
non-motor behaviors in patients, which are measured by a variety of neurological and
neuropsychological tests (Agarwal et al., 2022). A well-established test to measure motor deficits
caused by cerebellar degeneration is the semiquantitative Scale for the Assessment and Rating of
Ataxia (SARA: Schmitz-Hiibsch et al., 2006). The SARA is the most widely applied test to assess
ataxia (Traschiitz et al., 2023), and the total score increases with the progression of the disease
(Jacobi et al., 2011; Subramony, 2007; Traschiitz et al., 2023) in a range of 0 (no ataxia present)

to 40 (severe ataxia present).

Besides the SARA, other tests to examine the degree of motor deficits in ataxia patients are the
Spinocerebellar Ataxia Functional Index (SCAFI, z-transformed range from 3 no ataxia to -3
ataxia: Schmitz-Hiibsch et al., 2008), International Cooperative Ataxia Rating Scale (ICARS, 19
items from 0 no ataxia to 100 severe ataxia: Trouillas et al., 1997), and Brief Ataxia Rating Scale
(BARS, five items from 0 no ataxia to 30 severe ataxia: Schmahmann et al., 2009). The BARS
was based on a modified version of the [CARS (MICARS) using a subset of the MICARS items
to reduce the time necessary for application in a clinical setting. The BARS consists of the five
dimensions Gait, Knee-tibia test, finger to nose test, examination of dysarthria, and oculomotor
abnormalities. The Inventory of Non-Ataxia Signs (INAS, 30 items grouped into 16 variables
with a scoring range from 0 absent non-ataxia symptoms to 16 present non-ataxia symptoms:
Jacobi et al., 2013) has been created as a supplemental test to assess non-ataxic symptoms by

estimating binary whether a non-ataxia symptoms is present or not.

Furthermore, non-motor symptoms are widely examined in ataxia patients since the definition of
the dysmetria of thought hypothesis based on observed cognitive impairments in cerebellar
patients (Schmahmann, 1996; Schmahmann & Sherman, 1997, 1998). In the most frequent SCA
types 1, 2, 3 and 6, neuropsychological symptoms were observed in a wide range of non-motor
functions including executive and attentional functions (SCA1-3 and mild cognitive impairment
in SCAG6: Klinke et al., 2010) as well as memory and learning abilities in SCA3 (Klinke et al.,
2010; Roeske et al., 2013). Following these observations, the Cerebellar-Cognitive-Affective-
Syndrome Scale (CCAS-S: Hoche et al., 2018) to capture non-motor deficits quantitatively was
developed. This ten-item scale with points ranging from 0 to 120 (maximum points, 82 to pass all
items with the minimum score) and pass-fail scores from 0 (pass) to 10 (all test failed) consists of

the dimensions executive function which includes working memory and abstract reasoning,
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linguistic functions such as verbal working memory, visual-spatial functions like drawing a 3-D
cube, memory, and learning. For each item, a pass/fail criterion was determined besides the
scoring to assess whether a CCAS in the respective patients was only possible (failing one test),
probable (failing two tests), or definite (failing three or more tests). The CCAS-S revealed in
patients with SCA3 more failed tests and lower scores compared to healthy controls, along with
deteriorated semantic and phonemic fluency, category switching, cube drawing, and affect
regulation (Maas et al., 2021). However, Thieme et al. (2022) discovered a high rate of false-
positives in SCA6 and FRDA compared to controls, and only patients with SCA3 demonstrated
lower performance using a German version of the CCAS-S (Thieme et al., 2020), probably due
to the more widespread neuropathological changes including the cerebrum as known for SCA3.
Importantly, they also demonstrated that the items of the CCAS-S were not corrected for age,
education, and sex, challenging the generalizability of the CCAS-S for the assessment of non-

motor symptoms in cerebellar ataxia.

Besides the application of the CCAS-S in hereditary ataxia, studies also elucidated whether the
CCAS-S can differentiate between specific cognitive impairments in patients with cerebellar
stroke. Interestingly, patients with an isolated cerebellar stroke in the posterior lobe of the
cerebellum (mostly PICA infarct) did not show any motor but cognitive deficits, leading to the
assumption that different loops for motor and cognitive functions are disturbed depending on the
location of the cerebellar lesion (Stoodley et al., 2016). In addition, significant deficits in
executive functions were discovered in patients with an isolated lesion of the cerebellar
hemisphere and vermis applying the CCAS-S (Bolcekova et al., 2017). More evidence was found
in a recent study looking at patient with chronic cerebellar stroke (Chirino-Pérez et al., 2022). The
results on the CCAS showed again a link between the location of the cerebellar lesion and the
severity of the CCAS indicated by the CCAS-S, with worse performance when lesions were in
the right posterolateral part of the cerebellum. Thus, the location of the cerebellar lesions can

predict whether the motor or the cognitive deficits in terms of the CCAS were present.

There is a long history of case studies focusing on cerebellar lesions (e.g., Rolando, 1809) and a
challenge is the high inter-individual variability of lesions, among other things. Both the location
of a lesion and size in cerebellar stroke patients as well as the stage of degeneration are never
exactly the same between patients, resulting in unexplained variance. Solutions to this challenge
are the use of bigger samples to make use of the variability of lesions and stimulation techniques

to induced changes in the activation of the neuronal circuity.
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1.6 Non-invasive brain stimulation and the cerebellum

Non-invasive brain stimulation (NIBS) such as transcranial magnetic stimulation (TMS: Rossi et
al., 2009; Rossini et al., 2015) and transcranial direct current stimulation (tDCS: Nitsche et al.,
2008) is widely used to investigate the causal relationships between brain and behavior (Grimaldi
et al., 2014; Manto et al., 2022). The advantage of NIBS and especially TMS is the induction of
excitatory or inhibitory effects on the brain by stimulating neuronal population (Terao & Ugawa,
2002). Therefore, these methods can be used to investigate similar mechanisms as in patients with

acute neurological lesions (Vaidya et al., 2019).

In TMS, an electric current is created by a stimulator that flows through a magnetic coil.
Perpendicular to the electrical current, a magnetic field is induced. This magnetic field can
stimulate the brain by passing the skull without resistance. The strength of this magnetic field can
be up to 2.5 Tesla depending on the respective system (Kubis, 2016). In addition, the pulse
duration ranges only within a few hundred microseconds and is therefore faster than the sampling
rate in common electroencephalography (EEG) studies (1000 Hz = 1 ms = 1000 microseconds)
allowing it to be suitable for the combination with other neurophysiological measures (Bergmann
et al., 2016; Hernandez-Pavon et al., 2014; [Imoniemi & Kici¢, 2010). TMS protocols can affect
the brain circuity differently depending on the frequency and intensity of the stimulation as well
as on the specific TMS device and setup. For example, repetitive TMS (rTMS) can induce
plasticity changes like LTP by using a high frequency of pulse application, whereas low
frequencies can result in LTD (Esser et al., 2006; Wang et al., 1996; Ziemann et al., 2006). Effects
of r'TMS on neural plasticity were demonstrated in patients after stroke onset (Kubis, 2016;

Wessel & Hummel, 2018).

Interestingly, tDCS can elicit effects by applying an electric current on the scalp surface using
electrodes to change the threshold for excitability. Depending on the flow of direction (cathodal
or anodal), different effects are assumed to be produced. Anodal tDCS is supposed to depolarize
neurons triggering excitation, whereas cathodal tDCS is thought to hyperpolarize neurons and
therefore decrease the excitability of neurons (Thair et al., 2017). Moreover, monophasic single-
pulse TMS (spTMS) is suggested to disrupt processes within the brain (Pascual-Leone, 1999)
when pulses with a sufficiently high power stimulate neurons, creating a distributed inhibition
through GABA release (Siebner et al., 2009). Therefore, spTMS is used to induce temporary
virtual lesions to identify the causal relationship between a specific brain region and cognitive
process (Ruff et al., 2009). However, Shirota et al. (2012) have shown that spTMS can also elicit

facilitation when stimulating the brain.
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To assure that a specific brain region is targeted, landmarks on the head such as the inion at the
back of the head or the position of EEG electrodes according to the 10-20 principle on the scalp
are oftentimes used for orientation (Herwig et al., 2003). However, a more sophisticated approach
is the use of neuro-navigation devices that allow to make use of anatomical MRI images such as
T1-weighted images to precisely target a desired brain region (Caulfield et al., 2022). Depending
on the shape of the coil, the magnetic field can reach deeper brain layers by a trade-off of focality
(Roth et al., 2002). A standard coil that is widely used to stimulate the brain is the figure-of-eight
coil, which has a more focal stimulating magnetic field compared to the so called butterfly (double
cone) coil which has angled windings to create magnetic field lines that target deeper brain layers
(Can et al., 2018). Importantly, many factors such as the coil orientation and distance between the
coil and the surface of the head have to be taken into account when conducting an experiment to
stimulate the brain because these factors have an influence on the total stimulation power that
finally reaches the brain (Cai et al., 2012). In addition, other somatosensory effects like the click
sound of the TMS pulse and induced vibration can be distractors during an experimental task
(Duecker & Sack, 2015). Also, when applying many pulses across many trials, heat development
of the coil must be considered when conducting experiments to study cognitive processes (Rossi
et al., 2009). Estimating the necessary strength to ensure a reliable depolarization (excitation) of
neurons is usually done by measuring the individual motor threshold (IMT) using motor-evoked
potentials (MEP: Bestmann & Krakauer, 2015; Rossini & Rossi, 1998). These potentials are
measurable using electromyography (EMG) at the muscle of the extremities of the body such as
the hand after stimulating the M1 region using e.g., spTMS. MEPs are elicited when neurons in
M1 are depolarized, leading to subsequent motor activity in the hand. Using higher output power
than the IMT, it is possible to observe the hand twitching which can also serve as an indicator that
the threshold has been exceeded. Besides to the resting motor threshold at which the hand is still,
the active motor threshold at which the hand is tensed can be used to determine the necessary

output power for the TMS stimulation (Temesi et al., 2014)

Using two TMS coils of which one is applied on the cerebellum and one on M1, Ugawa et al.
(1991) demonstrated an important neurophysiological mechanisms called cerebellar-brain
inhibition (CBI: Ugawa et al., 1995). They identified that TMS pulses can trigger the cerebellum
to suppress the excitability of the motor cortex in M1. The cerebellar stimulation was applied at
the inion, whereas shortly (5 ms) after the stimulation, a pulse was applied over M1 which did
not elicit the previously generated MEPs. It is assumed that the Purkinje cells are activated
through the TMS pulse in the cerebellar cortex which in turn inhibits the deep cerebellar nuclei
(dentate nucleus) as the only output source of the projections leaving the cerebellum. Hence, TMS

pulses on the cerebellum can trigger cerebellar activity that suppresses excitability in M1.
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Interestingly, the effect of CBI was also discussed in regard to patients with movement disorders
such as ataxia because CBI could allow to identify alteration in the cerebello-thalamo-cortical

loop (Groiss & Ugawa, 2012).

In conclusion, TMS can be applied to investigate specific brain behavior relations and can be used
in different task-based settings while being combined with neuroimaging (Siebner et al., 2009)
and electrophysiological recordings such as EEG (Belardinelli et al., 2019; Veniero et al., 2009;
Verleger et al., 2009).

1.7 Adaptive behavioral control

1.7.1  Learning theories

The human ability to flexible adapt behavior in changing situations is essential for survival.
Actions cause consequences, and adapting one’s own behavior according to reward and
punishment is therefore an indispensable ability. Thus, to appropriately act within a given
situation requires a continuous learning process. Research on the formalization of learning
principles dates back more than a hundred years to researchers such as Edward Thorndike, Ivan
Pavlov, and Burrhus Skinner. Thorndike (1898) investigated the associative processes within cats
and chicken which after a while randomly triggered one of several levers to escape from a box to
receive food as reward. After multiple trials, the animals learn the association between the correct
lever and the opening of the box. He observed that the associative learning behavior of these
animals could be conceptualized into three general learning principles. The first learning principle
was the law of readiness which states that multiple responses are combined to achieve a target
goal. Second, he proposed the law of exercise in which the repetition of a learning task is assumed
to increase the learning strength. Third, Thorndike postulated the law of effect, being the most
important principal. According to the law of effect, the consequence of an action strengthens the
action and therefore has an influence on subsequent actions (Postman, 1947). Another learning
principle, classical conditioning, was established by Ivan Pavlov in 1927 based on the observation
of dogs. In classical conditioning, the pairing of an unconditioned stimulus (e.g., food), that
evokes an unconditioned, automatic response (e.g., salivation) with a neutral stimulus (such as a
sound) that thereby transforms into a conditioned stimulus, leads to a conditioned response (e.g.,
salivation) to the conditioned stimulus in the absence of the unconditioned stimulus (Pavlov,
2010). Importantly, the association strength between the conditioned and unconditioned stimulus
was formalized by Rescorla and Wagner (1972) in a model that explained both, the acquisition
and extinction of learning associations. The change in association strength between a conditioned
together with an unconditioned stimulus across a number of conditioning trials can be calculated
via the model.

18



Introduction

Both the law of effect and classical conditioning have led to the theory of operant conditioning in
which not only the association (strength) between stimulus and response but also the consequence
of an action was considered to have an impact on the behavior (Skinner, 1938). Skinner (1938)
added the consequence to the former, purely associative learning principle extending it to a
stimulus-response-consequence design. The consequence influences the probability of an action
in which a positive consequence (reward) increases the likelihood of an action to be repeated
whereas a negative consequence (punishment) decreases the likelihood. In addition, the removal
of positive consequences of behavior (negative punishment) also decreases the likelihood of the
action to happen while the removal of negative consequences (negative reinforcement) increases
the likelihood again. Besides, the principal of extinction refers to the absence of the previously
reinforced stimulus leading to the absence of the respective action. Operant conditioning still
influences todays modelling approaches of behavior in the field of reinforcement learning (Sutton,

1988; Sutton & Barto, 2018).
1.7.2  Reinforcement learning and the dopaminergic system

Reinforcement learning has not only been used to model behavior (Sutton & Barto, 2018) but also
to understand the neurophysiological underpinnings of learning and decision making in the brain
(Niv, 2009). Within the brains neurocircuitry, the neurotransmitter dopamine (DA) plays a pivotal
role in reinforcement learning including reward prediction error (RPE) processing (Schultz, 1998;
Schultz et al., 1993). DA is produced in the substantia nigra (SN) pars compacta which has strong
projections to the basal ganglia including the striatum which is the main output structure within
the basal ganglia (Delgado, 2007). The striatum can be distinguished into a ventral part containing
the nucleus accumbens and a dorsal part containing the caudate nucleus and putamen (Floresco,
2015). Both parts receive phasic dopaminergic input from the SN pars compacta, but the ventral
striatum is assumed to be more strongly involved in motivational and reward prediction processes,
whereas the dorsal striatum is more involved in motor and cognitive control (O'Doherty et al.,
2004; Ullsperger, Danielmeier, & Jocham, 2014). However, it was also shown that particularly
the dorsal striatum (bilateral caudate nucleus) differentiated between wins and losses in the human
brain using fMRI in a feedback-based learning task (Delgado et al., 2000) challenging the
functional dissociation of the ventral and dorsal striatum. In addition, when the basal ganglia were
lesioned (Bellebaum et al., 2008), reward-based learning was shown to be altered in terms of
deficits in reversal learning. Reversal learning describes the ability of initially learning a stimulus-
response association by a specific rule that has to be learned from performance feedback and the
reversal of this rule leading to e.g., another response option or stimulus to be now the correct
choice. These deficits appeared to be more pronounced when the dorsal striatum was affected

compared to other lesion locations. In addition, patients with lesions in the basal ganglia needed
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more time to learn a second task than the controls, suggesting a general deficit caused by the
damage. These results support the notion that the dorsal part of the striatum is important for

learning from rewards (Balleine et al., 2007).

Interestingly, most dopaminergic neurons in the midbrain were identified to show phasic
activation when rewards were presented (Schultz et al., 1993) and changes in the dopaminergic
activity changes according to the generated reward predictions and outcomes (Pan et al., 2021;
Schultz et al., 1993). In a pioneering study, Schultz et al. (1993) observed stronger dopaminergic
activity in the stage of learning in macaque monkeys using three different tasks. In contrast, the
activity was reduced when the correct action associations were already learned and therefore
established. In addition, the dopaminergic activity was found to start with the presentation of the
reward and not with the action to receive the reward. These findings of reward sensitivity during
learning were investigated in DA neurons within the SN pars compacta and ventral tegmental area
(VTA) in macaque monkeys. They showed stronger activation during the learning of pairs of
novel pictures in both regions when rewards were unexpected (Hollerman & Schultz, 1998).
Interestingly, the timing of the reward, besides the mere presentation, had an influence on the
dopaminergic activity. DA neurons were also active when the reward was presented at an
unpredicted time. Thus, when an action outcome was better than expected (positive RPE),
dopaminergic activity increased, but when predictions matched with the outcome (no RPE), the
dopaminergic neurons did not show any activation. However, when the reward was worse than
expected (negative RPE), dopaminergic activity was reduced (Schultz, 1998; Schultz et al., 1998).
In addition, GABA neurons located in the VTA were shown to directly influence DA neurons
activity during reinforcement learning and reward expectation in mice by selective excitation and

inhibition (Eshel et al., 2015).

Moreover, dopaminergic projections from the SN pars compacta were not only shown to affect
the striatum and the VTA, but also influence other areas of the brain such as the amygdala (Costa
et al., 2016; Gottfried et al., 2003), medial PFC including the ventromedial PFC and ACC
(Holroyd & Coles, 2002; Nieuwenhuis et al., 2004), the anterior insula (O'Doherty et al., 2003),
the hippocampus (Foerde & Shohamy, 2011; Stachenfeld et al., 2017), and the orbitofrontal cortex
(OFC: Costa et al., 2016; Rushworth et al., 2011; Sescousse et al., 2010), identifying these regions
as relevant for RPE processing. In detail, the amygdala has been shown to be involved in the
valuation process of sensory information such as the pleasantness of emotional stimuli, and
lesioning the amygdala in macaques resulted in decreased learning from positive feedback (Costa
et al., 2016). This observation was also recently shown to strongly depend on the learning
environment (Taswell et al., 2023). Moreover, the context of rewards and predicting long-term

rewards were both associated with hippocampal involvement (Stachenfeld et al., 2017).
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Interestingly, direct projections from the deep cerebellar nuclei towards the hippocampus through
the ventrolateral and dorsolateral thalamus were found in mice (Bohne et al., 2019), emphasizing
a close exchange of information between the cerebellum and the hippocampus. In addition, the
medial PFC and the medial OFC have been identified to encode the value of an outcome when a
response was made measuring the BOLD signal. This activation also correlated with the value of
the chosen reward. In contrast, the anterior parts of the PFC and ACC coded the value of response

options that were not chosen (Rushworth et al., 2011).
1.7.3  Reinforcement learning, error processing, and the ACC

The ACC was identified to be an important neuronal structure for many different cognitive
functions such as problem solving, error detection, and adaptive response as well as affective
functions such as emotional self-control (Allman et al., 2001). The ACC has many projections to
other brain regions that contribute to the different functions like the amygdala within the limbic
system and motor nuclei in the brain stem. According to its functions, the ACC was subdivided
into a dorsal cognitive (anterior) and a rostral-ventral affective (posterior) part (Bush et al., 2000).
Therefore, damage to the anterior or posterior part of the ACC can cause different pathologies
such as anxiety disorders and major depression when the posterior part is altered (Drevets et al.,
2008) and worse performance in cognitive tasks when the anterior part is damaged (Di Pellegrino
et al., 2007). Bilateral lesions of the ACC were also linked to akinetic mutism, a condition in
which patients do not move nor speak but are awake (Devinsky et al., 1995). The ACC consists
of so-called spindle cells that were only found in humans and apes, which led to the conclusion
that this part of the brain just recently developed during evolution and is of great importance for

higher cognitive functions (Allman et al., 2001).

The diverse functions of the ACC were brought together into a framework of error monitoring
and reinforcement learning by Holroyd and Coles (2002). Holroyd and Coles proposed in their
reinforcement learning theory (RL-theory) that the basal ganglia constantly change the phasic
dopaminergic activity according to sensory input. This modulated mesencephalic dopaminergic
activity can be seen as a temporal difference (TD) signal which serves as an input to the ACC and
can be described using reinforcement learning models (Sutton & Barto, 2018). Positive TD are
associated with outcomes that are better than predicted and negative TD are associated with
outcomes worse than predicted, based on the previously described mechanisms of DA in the study
of Schultz (1998). Hence, errors led to a decrease of the phasic mesencephalic dopaminergic
activity whereas correct responses result in an increase in activity. Within the RL-theory, the basal
ganglia can receive additional feedback input by the limbic system as well as input via efference

copies and the response output from the spinal cord. The ACC itself serves as a detector which
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receives input via different controllers such as the amygdala and OFC that changed their activity
according to sensory input and additional dopaminergic input via the basal ganglia. The ACC
learns from all of these signals and decides based on the TD error which response output and

therefore motor command is necessary for the optimal decision.

This mechanism of the ACC was underlined by neuronal evidence measuring EEG. EEG allows
to measure the continuous electrical activity in the brain using electrodes positioned at the surface
of the scalp. Using this approach, it was possible to identify specific event-related potentials
(ERP) in the brain’s electrical activity that were sensitive to conducting errors during tasks. The
discovered error-related negativity (ERN/Ne: Falkenstein et al., 1991; Gehring et al., 1993) is a
negative deflection in the EEG signal that has a frontocentral scalp distribution and occurs within
the time window of 0 - 100 ms after the execution of an erroneous response. Using localization
techniques, the primary source of the ERN was found to be within the ACC (Dehaene et al., 1994;
Herrmann et al., 2004; Hochman et al., 2009). It is assumed that the depolarization of layer V
neurons within the ACC contribute to the ERN in the EEG signal (Holroyd & Coles, 2002).
Therefore, according to the RL-theory, the ERN is only present when the ACC receives TD error
input from the basal ganglia as a negative reinforcement signal that disinhibits the apical dendrites
of the motor neurons within the ACC (Holroyd & Coles, 2002). The input from the motor
controllers (containing the information about the response made) towards the ACC and the
adjustment of the ACC according to the TD signal is also assumed to be the reason why the ERN
peaks after the response execution. Thus, in line with the RL-theory, the ERN is the result of the
error detection and TD error affecting the ACC’s activity in evaluating the action outcome

prediction (Holroyd & Coles, 2002).

A different perspective on the function of the ERN is provided by the conflict monitoring theory
(Botvinick et al., 2001; Botvinick et al., 2004; Carter et al., 1998; Yeung et al., 2004). Here, the
conflict between response options is seen to produce the ERN and the magnitude of conflict
modulates the ERN amplitude (Danielmeier et al., 2009). Therefore, higher conflict leads to a
subsequently higher ERN amplitude. Hajcak, Moser, et al. (2005) observed that the significance
of the error also had an impact on the magnitude of the ERN. Support for the conflict monitoring
theory was provided by similar activity observed in correct trials (termed correct-related
negativity: CRN, Vidal et al., 2000), where conflicts also led to a smaller but present negative
amplitude when correct response were made (Gehring et al., 2018). In addition, activation patterns
were found in the dorsolateral PFC that is involved in top-down control and assumed to reduce
the conflict signal after being monitored by the ACC (Carter & van Veen, 2007). In addition,
information on the conflict signal caused by competing options is conveyed to other regions such
as the lateral PFC (Carter & van Veen, 2007; Jocham et al., 2009).
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The posterior medial frontal cortex (MFC) and rostral cingulate zone are assumed to generate the
ERN including another ERP component called the N2 (also N200 or Nogo-N2: Folstein & van
Petten, 2008; Jonkman et al., 2007). The N2 is another indicator for response conflict, response
inhibition, and the processing of errors, manifesting as a frontocentral negative deflection peaking
around 250 - 350 ms after stimulus onset (Folstein & van Petten, 2008). The N2 is found in tasks
where responses have to be suppressed (like Go/Nogo tasks) and has been shown to be more

pronounced in Nogo compared to Go trials (Nieuwenhuis et al., 2003).

Following the ERN in the response-locked signal, a positive deflection was found with a parietal
distribution in the range between 200 - 400 ms after response onset (Olvet & Hajcak, 2009) and
termed the error positivity (Pe': Falkenstein et al., 2000). The Pe is associated with error
awareness and salience (Falkenstein et al., 2000; Nieuwenhuis et al., 2001). Therefore, the ERN
and Pe in the response-locked signal and the N2 in the stimulus-locked signal are seen as
important indicators of error processing. However, it is still not clear whether the ERN only
reflects error detection, as proposed by the RL-theory, or whether it functions as a general

indicator for conflict monitoring and error processing.

Besides their findings on the previously known response-locked ERN, Miltner et al. (1997)
discovered a negative deflection after the presentation of task-related performance feedback, later
termed as the feedback-related negativity (FRN: Miltner et al., 1997; Nieuwenhuis et al., 2004;
also called the reward positivity: RewP, Proudfit, 2015). The FRN peaks around 200 - 350 ms
after feedback onset, has a frontocentral scalp distribution, and is assumed to reflect RPE
processing (Gehring & Willoughby, 2002; Holroyd & Coles, 2002). The FRN has similar roots
as the ERN and is thought to emerge from the neuronal activity within the ACC (Foti et al., 2015;
Hauser et al., 2014; Holroyd & Coles, 2002). However, there are also studies that found activation
of the FRN within the posterior cingulate cortex, superior frontal gyrus, and striatum (Foti et al.,
2011; Nieuwenhuis et al., 2005). The FRN is considered to be produced by the phasic activity of
midbrain dopaminergic neurons projecting on the dorsal ACC, causing disinhibition of the ACC

when phasic activity decreases and inhibition of the ACC when phasic activity increases.

The FRN can be calculated as the difference between positive and negative feedback (Hauser et
al., 2014). According to the RL-theory (Holroyd & Coles, 2002), the FRN is assumed to reflect
the RPE as violation of the predicted feedback outcome. Therefore, the expectation is closely tied

to the valence of the outcome (as positive or negative feedback) which has also been shown to
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! Pe with a lowercase “e” is the error positivity and PE with a capital “E” is the Prediction error
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have an impact on the FRN (Gehring & Willoughby, 2002; Hajcak, Holroyd, et al., 2005; Hajcak
et al., 2007). When the outcomes are worse than expected, the FRN has a stronger negative
amplitude than when the predictions are better than expected. The FRN was shown to be sensitive
to reward expectation (Bellebaum et al., 2008; Bismark et al., 2013; Cohen et al., 2007;
Weismiiller & Bellebaum, 2016), violations of expectations (Bellebaum et al., 2010), outcome
valence (Hajcak et al., 2006; Zhou et al., 2010), the timing of the feedback presentation (Arbel et
al., 2017; Foerde & Shohamy, 2011; S. Kim & Arbel, 2019; Peterburs et al., 2016), agency
(Burnside et al., 2019), and also affected in tasks where feedback was not contingent to the

performance (Oliveira et al., 2007).

Besides the violation of a reward predictions formalized as signed expectations, i.e., the valence
of the feedback, an unsigned expectation reflecting mere salience (or surprise: Hayden et al.,
2011) was observed in the activity of midbrain DA neurons (Bromberg-Martin et al., 2010). This
led to the idea that the FRN might only reflect the violation of the expectation as an unsigned PE
and not encode valence (signed PE) which resulted in the prediction of response—outcome (PRO)
model (Alexander & Brown, 2011). In this model, the dorsal medial PFC predicts actions and
outcomes and monitors possible combinations of both. The predicted response and outcome pairs
are evaluated regarding the probability of their appearance and enable response-outcome learning
independent of valence. Alexander and Brown (2011) also linked their model to the forward and
inverse model in the motor domain (Wolpert et al., 1998) in which each model learns to predict
the optimal outcome for a given action. Learning these predictions is assumed to take place in
individual neurons that generate activity reflecting all the possible action outcomes. If the sensory
input reflects one of the predictions as correct, the other, incorrect prediction is suppressed, so
that the activity is strongest when an expected outcome turns out to be incorrect. On the one hand,
evidence was found that supports the PRO model regarding unsigned PEs (Hauser et al., 2014;
Talmi et al., 2013), on the other hand, a meta-analysis on RPE processing demonstrated evidence
for a signed PE (Sambrook & Goslin, 2015). Thus, the different theories on the FRN are still
debated.

1.8 Executive functions and the cerebellum

The flexibility of humans to adapt their behavior to new situations involves different learning
principles as mentioned before (associative and reinforcement learning) and also complex
interactions within the neurocircuitry of the brain to monitor motor and non-motor functions. A
concept that describes the adaptive mechanisms behind behavior as an overarching executive
function is performance monitoring (Seifert et al., 2011; Ullsperger & Cramon, 2001; Ullsperger,

Danielmeier, & Jocham, 2014; Ullsperger, Fischer, et al., 2014). Performance monitoring, in a
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nutshell, describes the goal-directed process to adapt and optimize behavior using available
information about the internal process (e.g., efference copies) and the external world. This
performance related information can also be termed feedback. Combining forward and
reinforcement learning principles, Ullsperger, Danielmeier, and Jocham (2014) conceptualized
performance monitoring using neuroanatomical and neurophysiological evidence to establish a
network model that covers multiple brain regions involved in the process of learning. For
example, this network model encompasses the posterior MFC which is assumed to update action
values, the ventromedial PFC which realizes the value comparison, the OFC which monitors
outcomes, the anterior insula responsible for effort and conscious awareness, the frontal
operculum involved in attentional control, the basal ganglia for reward-based learning (including
response selection, facilitation, and inhibition) and, importantly, the cerebellum for salience,
arousal and RPE processing as well as motor integration (Ullsperger, Danielmeier, & Jocham,
2014). Adding the cerebellum to this network composition underlined the close interaction of the
cerebellum with many other regions of the brain that are engaged in reinforcement learning.
However, this concept of performance monitoring still lacked the view on the cerebellum’s

capability of generating internal models to non-motor functions (Ito, 2008).

Bostan and Strick (2018) described in detail the close interaction between the basal ganglia and
the cerebellum. They highlighted that the dentate nucleus projects on the striatum (putamen) and
that the subthalamic nucleus located in the basal ganglia projects in a disynaptic fashion on the
cerebellar cortex. Importantly, to investigate the cerebellar output towards the basal ganglia,
different regions of the cerebellum were marked using virus tracing in monkeys that were
associated with both motor (anterior) and non-motor (posterolateral) regions (Stoodley, 2012;
Stoodley & Schmahmann, 2009) and both revealed projections to the subthalamic nucleus. In
addition, they integrated new findings on the granule cells that were identified to also reflect RPE
signals on the cellular level (Wagner et al., 2017). These cellular findings were underlined by
research of Kostadinov et al. (2019) who identified reward sensitivity within the climbing fibers
activity on the Purkinje cells, extending the previously believed role of spiking activity in the
cerebellar cells to reinforcement/ reward-based learning principles. In a very recent review on
reward-based learning, Kostadinov and Héusser (2022) summarized findings on simple spiking
of Purkinje cells in monkeys that were associated with visuomotor associations and sensitive to
the correctness of the outcome (Sendhilnathan et al., 2020). In addition, they discussed evidence
of reward processing within the cerebellar nuclei (Chabrol et al., 2019). Thus, reward signals are
likely processed in different cells and fibers within the cerebellar microzones and can therefore
serve as a plausible neurofunctional correlate for the idea of internal models for cognitive, non-

motor functions (Ito, 2008).
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1.8.1  Associative learning, emotions, and the cerebellum

Furthermore, evidence on the non-motor (cognitive) functions of the cerebellum and the
cerebellum’s involvement in learning becomes clearer when looking back at the fundamental
learning principles. Evidence in humans showed that the cerebellum is involved in classical
conditioning and associative learning for motor functions using eye-blink conditioning (Daum,
Schugens, et al., 1993). Patients with cerebellar lesions demonstrated impaired conditioned
responses and altered learning acquisition. In addition, in non-motor associative learning
(Timmann et al., 2002), patients with cerebellar degeneration revealed altered learning behavior
that could not be explained by the motor execution or allocation of attention during the task.
Additionally, patients with cerebellar degeneration demonstrated impaired conditioned responses
pointing towards altered associative learning (Thieme et al., 2013). Moreover, using eye-blink
conditioning (Gerwig et al., 2007), a strong relation between the cerebellum and fear learning was
identified, coupling the limbic system and in particular the amygdala and hippocampus as core
regions for fear learning and extinction to the functions of the cerebellum. Along these lines,
research focusing on the cerebellum in emotion (Adamaszek et al., 2017) and social cognition
(van Overwalle et al., 2020) underlined that the cerebellum is involved in these functions. For
example, impairments were present in patients with cerebellar lesions toward the processing of
negative emotions (Lupo et al., 2015). In addition, significant activation during the emotional
perception was identified in healthy participants within the posterior lobe of the cerebellum using
fMRI (Scheuerecker et al., 2007). Also, in another fMRI study, the primary emotions were
demonstrated to be all distributed in distinct zones of activation within the lobules VI-IX of the
cerebellum (O. Baumann & Mattingley, 2012). Beyond this, the cerebellum was proposed to
contribute to mentalizing (van Overwalle et al., 2015; van Overwalle et al., 2019) such as theory
of mind and social action sequence learning (Heleven et al., 2019). In a meta-analysis, the
emotional self-cognition and mentalizing process were identified to be strongly linked to Crus I1
of the cerebellum (van Overwalle et al., 2020). Thus, the cerebellum’s topographical constitution
and connections to other brain regions (Stoodley & Schmahmann, 2010) strongly link it to

cognitive and also affective associative learning (Timmann et al., 2010).
1.8.2  Performance monitoring and the cerebellum

Peterburs and Desmond (2016) proposed that performance monitoring consists of a composition
of domain independent cognitive and affective functions that together enable behavioral
adaptation through the contribution of the cerebellum. In line with reinforcement learning, they
suggest that performance-related feedback is essential to adapt to new situations by activating

multiple resources such as attention allocation and emotional regulation. Based upon the forward
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model of cognition (Wolpert et al., 1998) and findings on the interplay between the cerebellum
and cerebral regions (Middleton & Strick, 2001; Palesi et al., 2017), they assumed that successful
behavioral adaption in dynamic situations relies on two stages. First, the decision to conduct an
action and second, the outcome of the action that has to be evaluated to subsequently learn from
it for decision-making processes in the future. Therefore, performance has to be constantly
monitored and future outcomes predicted, to minimize actions that are not beneficial. The stage
of receiving feedback is crucial because it is the information source to evaluate the predictions
against the actual outcomes to enable learning. Therefore, adapting one’s own actions based on
feedback information is a continuous process. For example, standing in front the previously
mentioned restaurant with a friend and realizing that the prices in the menu increased and are
higher than expected, might lead to the decision to look for an alternative restaurant in the future.
Peterburs and Desmond (2016) assumed that the cerebellum is involved in sensory prediction,
feedback processing, error processing, response inhibition, and articulatory monitoring
encompassing work on verbal working memory (Desmond et al., 1997). To support this
categorization of the abovementioned subdomains of performance monitoring, they discussed
several studies that discovered altered behavioral, electrophysiological, and imaging data in
patients suffering from different cerebellar diseases as well as studies using NIBS in healthy
participants. First, verbal working memory deficits (Desmond & Fiez, 1998; Peterburs et al.,
2010; Ravizza et al., 2006) and temporary induced alterations in verbal working memory were
found in in patients with cerebellar damage using TMS on the cerebellum (Desmond et al., 2005).
When the right superior cerebellum was stimulated, response times during a verbal working
memory task increased (Desmond et al., 2005). In addition, applying TMS on the cerebellum also
revealed a disruption of phonological predictions (Sheu et al., 2019). Second, a study by Ide and
Li (2011) found evidence during a stop signal task where participants had to press a button during
Go trials and to suppress a response during Nogo trials which were indicated by different stimuli.
Activation was not only observed in the dorsal ACC and ventrolateral PFC as suggested in the
theories on cognitive control and error detection (Blasi et al., 2006; Botvinick et al., 2001) but in
the SMA, Pons, medial thalamus and cerebellum analyzing the functional relationship between
different brain regions. Post-error slowing, an effect that goes along with an increase in response
time after the execution of an erroneous response in the behavioral data, correlated with the
cerebellar activity and underlined that the cerebellum is involved in cognitive control. Third,
alterations of ERP components in the EEG signal when errors were made such as the ERN and
CRN were found in patients with a diseased cerebellum (Peterburs et al., 2012; Peterburs et al.,
2018; Peterburs et al., 2015; Rustemeier et al., 2016; Tunc et al., 2019). In addition, evidence
from an imaging study underlined that the posterolateral regions of the cerebellum and in

particular Crus I and Crus II were associated with error processing as indicated by a volume
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reduction of gray matter (Peterburs et al., 2015). Fourth, feedback-based learning was investigated
in patients with cerebellar lesions using a probabilistic reversal learning task (Rustemeier et al.,
2016). Results did not reveal a difference in the behavioral performance between both groups, but
the patients revealed higher FRN and P300 amplitudes after negative compared to positive
feedback which did not differ in the control group. In sum, these findings all suggest that the
cerebellum is engaged in error processing and learning from external feedback and that damage

of the cerebellum results in changes in performance monitoring.
2 Research goal of the dissertation

The overarching goal of this dissertation was to investigate the contribution of the cerebellum to
performance monitoring indicated by reinforcement learning and error processing. To achieve
this, three different studies were conducted using a broad range of methods. The first study
included a systematic review on literature. The second study used a Go/Nogo Flanker task
combined with EEG and TMS in healthy controls to study error processing. The third study
comprised a probabilistic feedback-based learning task while measuring EEG and separate MRI
data acquisition in patients with cerebellar degeneration and matched healthy controls to

characterize the cerebellum’s contribution to reinforcement learning and RPE coding.
Study 1:

In the first study, a systematic review on the cerebellum’s contribution to feedback-based learning
was conducted according to the PRISMA statement and guidelines (Page et al., 2021). The
rationale of this review was grounded on the need for a brief and cohesive overview of study
results that investigated feedback-based learning and also provided information on the cerebellum
in healthy and diseased participants. Using an extensive PubMed search, suitable manuscripts
were searched, filtered, and analyzed to identify possible overlaps in behavioral deficits in patients
suffering from different cerebellar diseases. In addition, alterations in ERP components and
functional imaging data during feedback-based learning in healthy participants were identified.
Studies that did not focus on the cerebellum but still identified cerebellar regions to be activated

in the process of feedback learning were included and discussed.
Study 2:

The second study was an experimental study that investigated contributions of the cerebellum to
error processing in healthy adults by using a Go/Nogo Flanker task while measuring EEG, and
coregistering it to spTMS. The idea behind this study was based upon the observation of altered

error processing in patients suffering from cerebellar diseases (Peterburs et al., 2012; Peterburs et
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al., 2018; Peterburs et al., 2015; Tunc et al., 2019). We wanted to stimulate the cerebellum to
induce temporary “virtual lesions” and to disrupt cerebellar processes. Besides we stimulated the
vertex region as a control site in a separate session. Further, we wanted to elucidate at which stage
during performance monitoring the cerebellum contributes to error processing by stimulating the
cerebellum at specific time points in each trial of the Go/Nogo Flanker task. Therefore, this study
investigated particularly the temporal aspects of cerebellar contributions to the processing of

performance errors.
Study 3:

The third study, also an experimental study, shed light on the involvement of the cerebellum in
RL and RPE coding in patients with cerebellar degeneration. Patients conducted a probabilistic
feedback-based learning task (Bellebaum & Colosio, 2014; Eppinger et al., 2008) while EEG was
continuously measured. This task allowed RL which we modelled to investigate the relationships
between possible deficits in behavioral performance such as accuracy and choice switching and
altered neural response patterns in the EEG in terms of ERP components. In addition, we
quantified the extent of the cerebellar damage based on structural MRI (Peterburs et al., 2015).
Feedback presentation was manipulated as a within-subject factor, and we assumed that the
cerebellum could be equally or differently involved in learning from and processing of immediate

(500 ms) vs. delayed feedback (6500 ms).
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3 Study 1: The role of the human cerebellum for learning from
and processing of external feedback in non-motor learning: a

systematic review

3.1 Introduction

The cerebellum has undergone a paradigm shift from a brain structure seen as exclusively
involved in sensorimotor control and timing (Bares et al., 2019; Ivry & Spencer, 2004; Johnson
et al., 2019) towards a region that also contributes to many cognitive and affective processes
(Leiner et al., 1991; Schmahmann, 2019; Timmann et al., 2010). Studies in patients with
cerebellar damage revealed multiple cognitive deficits besides the various motor impairments
such as gait ataxia and dysarthria (Schmahmann, 2019). Many consensus reviews dedicated to
the roles of the cerebellum in cognitive and affective domains highlighted its vast and manyfold
contribution to human behavior (Adamaszek et al., 2017; Keren-Happuch et al., 2014; Marién et

al., 2013; van Overwalle et al., 2020).

A general model to understand the cerebellum’s interaction with other brain regions is the forward
model of cognition (Sokolov et al., 2017; Wolpert et al., 1998). The cerebellum is assumed to
generate internal models that enable behavioral adaptation encompassing different internal
(efference copies of motor commands) and external (e.g., visual) representations which are
updated by the cerebellum and exchanged in close interaction with cerebral regions. A key
cognitive function is performance monitoring which puts the processing of errors and learning
from performance-related feedback, among other cognitive and affective functions, into the focus
(Peterburs & Desmond, 2016). In accordance with the forward model of cognition, the cerebellum
is seen to update predictions of possible outcomes by matching these predictions to information
on the actual outcome to improve future predictions. These internal models as a representation of
predictions are sent to higher cerebral areas via cerebello-thalamo-cerebral pathways that were
identified to enable this information exchange (Bostan & Strick, 2018; Middleton & Strick, 1994;
Strick et al., 2009).

Research of the last decades investigated feedback-based learning in many different tasks in the
healthy and the diseased brain. In addition, cognitive functions such as verbal-working memory
and other neuropsychological deficits were thoroughly investigated in patients with cerebellar
diseases (Peterburs et al., 2021). However, only a few studies shed light on the cerebellum’s role
in performance monitoring, looking at feedback-based learning in patients with different

cerebellar diseases (Peterburs et al., 2018; Rustemeier et al., 2016). Thus, a clear research line
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focusing on the cerebellum in feedback-based learning is still missing. To underline the role of
the cerebellum for performance monitoring as suggested by Peterburs and Desmond (2016), this
review aimed to provide an extensive overview of the literature on studies using feedback-based
learning tasks and providing results on the cerebellar contribution at the same time. To achieve
this, studies with cerebellar results from task-based imaging studies including MRI and positron
emission tomography (PET) and electrophysiological recording using EEG and NIBS to
manipulate learning from feedback in patients with different cerebellar diseases and healthy
participants were searched. Tasks such as the Wisconsin Card Sorting test (WCST), probabilistic
learning tasks including reversal learning (Linke et al., 2010; Peterburs et al., 2018) etc. were
reviewed and the different stages during feedback-based learning including the expectation and
outcome stages were discussed. To enable a precise categorization of the different findings, the

terminologies used across the different studies were used to develop a general taxonomy.

According to the hypotheses, it was expected that feedback-based learning in patients with
cerebellar degeneration was altered compared to patients with focal vascular lesions and healthy
participants. Second, altered EEG activity was expected in patients with cerebellar degeneration
compared to healthy controls during feedback-based learning. Third, we expected to find
activation in the cerebellum during feedback-processing especially in posterolateral regions
(Stoodley & Schmahmann, 2009). Fourth, we expected NIBS of the cerebellum to alter feedback-
based learning and processing in healthy participants. The study was preregistered on the Open

Science Framework (OSF: osf.io/2v{g8).
3.2 Method

Studies were searched according to the guidelines of the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses statement (PRISMA: Page et al., 2021). In addition, studies were
checked for eligibility using the Patient, Intervention, Comparison, Outcome framework (PICO:
Schardt et al., 2007) and additional criteria were checked such as a focus on non-motor cerebellar
functions, peer-reviews, availability in English etc. The PubMed Database was used as a source
and search terms were created using a building block approach. In addition, studies that were
known to be relevant but were not found using this approach were added to the abstract screening.
In total, 1057 articles were identified using the PubMed search and 21 articles were added from
other sources leading to 1078 abstracts that were screened. Abstracts were screened by two
independent reviewers using a standardized screening tool to check the eligibility of the respective
abstract and using the Abstrackr text-mining tool to navigate through the abstracts as well as to
rate them (Wallace et al., 2012). In addition, the screening tool was modified to screen the

promising full-text articles after the initial abstract screening. In the case of discrepancies between
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the two reviewers, a third and fourth reviewer were involved in the screening process. In addition,
the reliability between the ratings of the independent reviewers were calculated using weighted
Kappa and the percentage of excluded studies (Fleiss & Cohen, 1973). The weighted Kappa after
screening all abstracts was moderately high and the percentage of agreement was very high
(Landis & Koch, 1977). After finishing the screening of the abstracts, leading to 62 eligible
articles, 36 studies survived the full-text screening. The relevant data were subsequently extracted
using an extraction tool to systemize this step. The extracted results were compared between
reviewers to identify any missing details and synthesized according to the hypotheses. The risk
of bias for each study was assessed checking the methodological quality and statistical analyses
and their plausibility. The data were grouped according to patient and non-patient studies covering
the different physiological measurements and were discussed separately. No study was identified

using NIBS to stimulate the cerebellum during feedback-based learning.
3.3 Results and discussion

Among the initial 1078 abstracts, 36 studies were included, among these eleven patient studies
including seven studies with chronic cerebellar lesions, two with cerebellar degeneration, one
study with neurosurgical resection of tumors, and one study with different cerebellar diseases. All
remaining non-patient studies were imaging studies encompassing 22 fMRI and three PET

studies.

The different studies provided heterogeneous results on the performance in different feedback-
based learning tasks. Five patient studies, representing in total 67 patients, provided results
indicating impaired performance in feedback-learning in cerebellar patients compared to healthy
controls (Drepper et al., 1999; Mak et al., 2016; Manes et al., 2009; Mukhopadhyay et al., 2008;
Tucker et al., 1996). Two patient studies provided mixed results (Schmahmann & Sherman, 1998;
Thoma et al., 2008), four studies covering 36 patients in the WCST (Dirnberger et al., 2010;
Gottwald et al., 2004; Turner et al., 2007) and twelve patients in probabilistic feedback-based
learning did not demonstrate any significant differences (Rustemeier et al., 2016). Nevertheless,
Rustemeier et al. (2016) discovered a more negative FRN and P300 amplitude for negative
compared to positive feedback in patients only. The effect was driven by an altered processing of
positive feedback in patients. In contrast, Thoma et al. (2008) found deficits in reversal learning
in patients with cerebellar stroke as well as more trials to exceed a learning criterion among
classified learners within an additional learning task. The neuroimaging results covered a total of
561 healthy participants with heterogenous setups and a variety of feedback-based learning tasks
including seven studies using probabilistic and reversal learning (194 participants), three studies

using a monetary incentive delay task (40 participants), three studies applying non-motor
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associative learning (35 participants), and five studies using different card sorting tasks (116
participants). Additionally, one study examined participants with a Markov decision task (20
participants), one used a motion prediction task (25 participants), and one used a version of the
Eriksen Flanker task (16 participants). One study analyzed the functional connectivity associated
with feedback learning (Edde et al., 2020). All available coordinates of significant activation
within the cerebellum were manually labelled into a schematic flat map of the cerebellum that

provides an unfolded overview of the cerebellar macro anatomy (Diedrichsen & Zotow, 2015).

More than half of the imaging studies (n = 14) reported bilateral activation of the cerebellum in
many different regions during feedback-based learning (Balsters et al., 2013; Bellebaum et al.,
2012; Berman et al., 1995; Bischoff-Grethe et al., 2009; Bjork & Hommer, 2007; Gablentz et al.,
2015; Jackson et al., 2020; Kobza & Bellebaum, 2015; Lam et al., 2013; Lie et al., 2006;
Nagahama et al., 1996; Shao et al., 2016; Tricomi & Fiez, 2008). Moreover, one study (Edde et
al., 2020) analyzing the resting state functional connectivity (rsFC) before and after completion
of a feedback-based learning task demonstrated an influence of age on the cerebellar rsFC. In
addition, unilateral cerebellar activation was found in five studies for the left cerebellum
(Greening et al., 2011; Linke et al., 2010; Peterburs et al., 2018; Remijnse et al., 2005; Tanaka et
al., 2004) and in two studies for the right hemisphere (Balsters & Ramnani, 2011; Marco-Pallarés
et al., 2007). Last, in three studies, a restricted contribution of the vermis was found during
feedback-based learning (Knutson et al., 2001; Knutson et al., 2003; Spéti et al., 2014). The
reviewed studies highlighted a strong contribution of the cerebellum to feedback-based learning

at different stages and across many tasks.

The results on the different patient samples were heterogenous and the sample sizes in the
individual studies quite small which made it difficult to directly draw conclusion from the
cerebellar damage towards the behavioral performance. In addition, the interval between disease
onset and the measurements varied greatly, contributing to more variance in the patient sample.
The lack of different patient studies using EEG to measure the neuronal activity during the
performance in feedback-based learning task also made it difficult to confirm or generalize the
results reported by Rustemeier et al. (2016). Nevertheless, the ERP results were interpreted to
hint towards neuronal reorganization process in cerebellar stroke patients that compensate for
behavioral deficits which was shown in studies looking at other stroke events and ERPs

(Dejanovic et al., 2015; Salvo et al., 2020).

Manipulation of feedback magnitude (Knutson et al., 2001; Knutson et al., 2003) as well as
valence (Marco-Pallarés et al., 2007; Peterburs et al., 2018) and informational content (Bischoff-
Grethe et al., 2009) have shown to differently activate the cerebellum. In addition, cerebellar
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activation was found when predicting outcomes (Shao et al., 2016) and processing of RPEs in
different studies (Gablentz et al., 2015; Greening et al., 2011; Linke et al., 2010; Remijnse et al.,
2005). Also, immediate vs. future reward prediction was reflected different cerebellar activity
during a decision task including feedback (Tanaka et al., 2004). Agency, i.e. whether choices
were computer or self-generated, showed different cerebellar activation patterns (Shao et al.,
2016). By using a search strategy, we probably did not cover studies that may have described
cerebellar findings in the running text that were mentioned neither in the title nor in the abstract.
In addition, we did not describe studies that found no findings in the cerebellum during feedback-
based learning (Sescousse et al., 2013; Silverman et al., 2015). A problem is that many studies
did not conduct whole-brain recordings using MRI or only focused on specific regions of interests
and therefore neglected the cerebellum (Delgado et al., 2005; Jocham et al., 2009; O'Doherty et
al., 2003)

3.4 Conclusion

In sum, the results created a heterogeneous picture of the behavioral performance in different
cerebellar diseases. Reasons for this are given by the varying time between the lesion onset in the
cerebellum and testing, the age at lesion onset, location of cerebellar damage and type of damage.
The limited number of patient studies with cerebellar degeneration and electrophysiological
recordings as well as missing studies with interventions using NIBS during feedback-based
learning prevent the determination of the cerebellum’s exact contribution in learning from
performance feedback. The neuroimaging results underlined the involvement of the posterolateral
regions of the cerebellum in feedback-based learning aside from many other cerebellar regions
(Balsters & Ramnani, 2011; Balsters et al., 2013; Peterburs et al., 2018). More recent results also
highlight the cerebellum’s involvement during social interaction (Clausi et al., 2019; Stoodley &

Tsai, 2021) which also relies on correct prediction generations.

Extended research is necessary to investigate the cerebellum’s role in non-motor functions with
a specific focus on its contribution to feedback-based learning and other subdomains of
performance monitoring. How, where, and when the cerebellum is contributing to RPE processing
and to which extent diseases of the cerebellum such as the CCAS affect this processing still
remains unclear and needs to be addressed in future experimental research. Performance
monitoring seems to describe and integrate old and new findings and thus provides a plausible
model of the capacities and functions of the cerebellum (Peterburs & Desmond, 2016) and may
ultimately help to improve and find new treatment options targeting cognitive alterations in

patients with cerebellar diseases.
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4 Study 2: The effect of cerebellar TMS on error processing: A
combined single-pulse TMS and ERP Study

4.1 Introduction

The cerebellum contributes to non-motor, cognitive functions (King et al., 2019; Stoodley &
Schmahmann, 2009) and an explanation of the complex function of the cerebellum is provided
by the forward model of cognition (Sokolov et al., 2017). Cerebellar involvement in the
processing of performance errors has been integrated in the model on performance monitoring
(Peterburs & Desmond, 2016). Typically, the neuronal activation associated with processing of
errors is observed in the EEG as a negative deflection shortly occurring after conducting an error
(within 100 ms). This ERN (Falkenstein et al., 1991; Gehring et al., 1993) has a symmetrical
frontocentral scalp distribution, typically measured at the electrode FCz (according to the 10:20
system). In detail, the ERN is seen as an neural correlate of error detection and response conflict
processing (Botvinick et al., 2001; Yeung et al., 2004) and is generated in the ACC, a neuronal
hub for reinforcement learning (Dehaene et al., 1994; Herrmann et al., 2004). Following the ERN,
the Pe was observed and described as a positive deflection that appears within the time window
of 200 - 400 ms post-response onset also measured at the position FCz (Falkenstein et al., 1995)
and reflecting attentional awareness of errors. Studies on patients with cerebellar diseases
revealed altered ERN amplitudes (Peterburs et al., 2012; Peterburs et al., 2015; Tunc et al., 2019).
The ERN was increased in patients with focal cerebellar lesion (Peterburs et al., 2012) but
unaffected in patients with cerebellar degeneration (Peterburs et al., 2015). In addition, only a
trend-level effect on the ERN was present in the study by Tunc et al. (2019) for patients compared
to controls. The behavioral performance in the abovementioned studies was also not consistently
altered and impaired. Research demonstrated that particularly the posterolateral regions of the
cerebellum including Crus I and II and the deep cerebellar nuclei are relevant for non-motor
functions (King et al., 2019). Hence, depending on the type of disease and location affected,

different consequences are expected.

Besides the analysis of patients, the manipulation of brain behavior relationships is possible using
TMS, enabling the direct observation of neuronal alterations (Grimaldi et al., 2014; Vaidya et al.,
2019). Single-pulse TMS has been used to facilitate and to disrupt brain activity (Pascual-Leone,
1999; Shirota et al., 2012). Importantly, spTMS can be integrated into rapid task-based studies
(Verleger et al., 2009). Targeting the cerebellum using spTMS has been conducted in many
studies looking at the impact on CBI (Ugawa et al., 1995) or language processing (Desmond et

al., 2005; Sheu et al., 2019). In addition, cathodal tDCS on the cerebellum revealed reduced N2
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activity and increased false alarms in a Go/Nogo task (Mannarelli et al., 2020). The Nogo-N2 is
a stimulus-locked ERP component peaking in the time window between 250 - 300 ms in trials in
which the response has to be suppressed (Folstein & van Petten, 2008). Therefore, the Nogo-N2
is seen to be an indicator of response inhibition (Larson & Clayson, 2011) and both, the Nogo-
N2 and the ERN are assumed to rely on the same error monitoring system (Ferdinand et al., 2008;
Folstein & van Petten, 2008; van Veen & Carter, 2002). Importantly, tDCS and TMS are different
NIBS techniques and the results on tDCS are inconsistent, possibly due to poor spatial resolution
(Jalali et al., 2017; van Dun et al., 2017) whereas TMS can stimulate more focally and deeper

brain regions while having a high temporal resolution (Koponen et al., 2018).

The goal of the present study was to investigate the temporal characteristics of cerebellar
contributions to error processing. Therefore, spTMS was applied on the left lateral cerebellum
(Hardwick et al., 2014) and an extracerebellar control region (vertex, electrode position Cz, Pizem
etal., 2022) in a combined Go/Nogo Flanker Task using a double cone TMS coil. Each participant
took part on two different days for cerebellar and vertex stimulation. Both sessions took place
separated by at least 48 hours. The task-design was inspired by the study by Verleger et al. (2009)
and spTMS stimulation was applied in each trial. The pulses were shifted according to an
individual error latency (IEL, i.e., individual ERN peak latency + median error response time) in
Go trials which was estimated using a Go/Nogo Flanker pre-task without pulses. The three
different time points for stimulation during Nogo trials were set relative to stimulus onset (at
stimulus onset, 100 ms and 300 ms post stimulus onset). Focusing on the ERP components ERN
and Pe in the response-locked signal, we assumed that the different stimulation timings would
differently affect the time course of error processing and might reveal which timing is linked to
the cerebellum’s input. The Nogo-N2, Nogo-P3 and an exploratory analysis of theta in the time-

frequency data were provided in the manuscript’s supplemental material.

First, we expected in trials with TMS pulses pre-response increased error rates in Go trials for
cerebellar compared to vertex TMS as present in patients with cerebellar degeneration (Peterburs
et al., 2015). Second, we expected a decreased ERN amplitude for cerebellar compared to vertex
TMS when the pulses were applied early (100 ms and 50 ms before the IEL). Third, an effect of
cerebellar spTMS on the Pe was not expected. All other hypotheses regarding the Nogo ERP

components and time-frequency domain were discussed in the supplemental material.
4.2 Method

In total, twenty-five young and healthy participants (age range 19-32 years, M = 24.00 years, SD

=3.70, n = 13 females, n = 12 right-handed and » = 1 ambidextrous) were examined and data
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from nine participants were excluded, leading to the final sample of 16 participants. The sample
size was based on studies with similar tasks (Danielmeier et al., 2009; Desmond et al., 2005;
Panouilléres et al., 2012; Sheu et al., 2019). The Go/Nogo Flanker pre-task was used to estimate
the IEL and repeated when less than six errors were made (Olvet & Hajcak, 2009; Pontifex et al.,
2010). Exclusion criteria were intoxication, neurological or psychiatric diseases, and metal parts
in the body. All participants gave written informed consent and received monetary compensation.
The hypotheses and procedure were preregistered on OSF (https://osf.io/6v9pa). In addition, the
study was conducted in accordance with the Declaration of Helsinki (World Medical Association,
2013) and received a positive vote by the Ethics committee of the Faculty of Medicine of Heinrich

Heine University Diisseldorf.
4.2.1 Experimental task and procedure

The Go/Nogo Flanker main task consisted of 600 trials with 80 % (480 trials) Go trials and 20 %
(120 trials) Nogo trials. In Go trials, 384 trials were congruent, and 96 trials were incongruent
trials. At the beginning of each trial, arrow flankers above and below a fixation cross were
presented for 200 ms. Subsequently, the fixation cross was replaced by the target arrow pointing
towards the same (= congruent) or opposite (= incongruent) direction in Go trials. In Nogo trials
a circle appeared indicating no button press. During Go trials, participants had to press the left or
right button indicated by the central arrow within the 350 ms (or 400 ms as assessed in the pre-
task). Exceeding the time led to a reminder to respond faster. The fixation cross was jittered across

trials (900 - 1300 ms). Crucially, participants did not receive performance-related feedback.

A TMS pulse was applied in Go trials at the IEL (0 ms), 100 ms before (-100 ms), 50 ms before
(-50 ms), and 50 ms after (+50 ms). For Nogo trials, Nogo pulses were delivered at stimulus onset,
100 ms and 300 ms after stimulus onset. Pulse timings were randomized but presented on equal
number per trial type and block. To estimate the cerebellum’s input to error processing, the IEL
was calculated using the Go/Nogo Flanker pre-task in which no TMS pulses were applied. This
task consisted of 120 trials in total, keeping the same ratio as in the main task, and the IEL was
calculated by adding the median response time to the latency of the ERN for all conducted error
trials. The response time window was changed from 350 to 400 ms if more than 25 % of misses

were conducted in Go trials.

Participants conducted the task in front of a laptop using a response box to record responses by
pressing the left and right button using only the right hand. Preparation of each participant
included applying ear plugs to reduce noise caused by the TMS coil, applying an EEG cap,

preparing the electrodes and covering them to avoid any contact with the TMS coil (Hernandez-
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Pavon et al., 2014), and attaching electrodes to measure the EMG signal on the left hand. The
IMT was measured to determine the output strength of the TMS system looking at MEPs.
Following the pre-task without pulses, a task that was part of another study was started.
Subsequently, the estimated IEL was used to shift the pulse timings in the main task. A specially
designed mounting system kept the distance between the coil and the head constant during the
task. The order for both appointments (cerebellar and vertex stimulation) was counterbalanced,
with a temporal gap of at least 48 hours. The IMT was measured at both appointments and no

difference was found between the appointments nor between the stimulation sites.
4.2.2  Data analysis

On the behavioral level, error rates and response times were measured in Go trials. The ERN and
Pe response-locked ERP components were analyzed using the EEG data. The ERN was assessed
as the local maximal negative peak in the response-locked error-correct difference wave signal
(electrode FCz, Hajcak & Foti, 2008). Similarly, the Pe was quantified in the response-locked
difference wave signal as the maximum positive peak between 200 and 400 ms at electrode Pz
(Larson et al., 2010). The original waveforms for error and correct trials were also analyzed. The
analyses of Nogo ERPs and behavioral outcomes were provided in the supplemental material.
The preprocessing of the raw EEG data was done using an automated artifact rejection for Single-
pulse TMS-EEG Data (ARTIST) algorithm (Wu et al., 2018). After cleaning the signal from
artifacts, segments were created according to the trial type (Go/Nogo). The adapted scripts and
raw data can be found in the following OSF folder (https://osf.io/jwfn9/).

Mixed linear models (MLM) were built to analyze the data following a best practice guideline
(Meteyard & Davies, 2020) to find the maximal converging model. For Go trials, the four
stimulation timings were changed into a two-level factor of timing with early (-100 ms and -50
ms) and late stimulation (0 ms and +50 ms). The models included stimulation site and stimulation
timing as fixed effects and different random slopes. Outliers were detected using Cook’s distance
(Cook, 1977). Baseline differences in the Go/Nogo Flanker pre-task were checked using linear
models for the error rate and ERN amplitude in Go trials for the sessions in which the cerebellum
and vertex were stimulated. The categorical predictors were simple coded: stimulation site
(0.5 = cerebellum, —0.5 = vertex), stimulation timing (0.5 =early, —0.5 =late), trial type
(0.5 = correct, —0.5 = error), TMS-timing (response pre-TMS = 0.5, response post-TMS = -0.5).
Satterthwaite’s method was used to estimate the degrees of freedom and to calculate p-values for

MLMs. P-values below .05 were considered as statistically significant.
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4.3 Results and discussion

The analysis of the ERN revealed a reduced amplitude for cerebellar compared to vertex
stimulation. In addition, results showed that this difference was modulated by the factor
stimulation timing, reflecting that especially late compared to early stimulation induced a

reduction on the ERN amplitude. This effect was not specific to trial type (error or correct trials).

In addition, the results in the Flanker pre-task revealed that there were no significant differences
between the cerebellum and vertex sessions. Hence, the effect on the ERN in the main task was
likely driven by the spTMS on the cerebellum, disrupting the inhibitory neurons of the cerebellar
cortex that project on the deep cerebellar nuclei that are the only cerebellar output structure.
Therefore, a disinhibition of higher cerebral structures including the ACC (Holroyd & Coles,
2002) could have been the consequence of the cerebellar stimulation. The reciprocal information
exchange via the cerebello-thalamo-cerebral loop (Palesi et al., 2017) could have been facilitated,
resulting in a reduction of the demand of the ACC to process errors by receiving less phasic
dopaminergic input. This would also resemble recent results on the cerebellar influence on
reinforcement learning (Yoshida et al., 2022) and RPE coding of cerebellar cell populations
(Kostadinov & Héusser, 2022). However, the control stimulation site was vertex (Cz) which is
close to the electrode position FCz that is usually measured to catch the neuronal activity also
generated by the ACC. Hence, it could not be excluded that the stimulation at vertex had an
influence on the activity in the ACC while increasing the amplitude of the ERN.

The temporal manipulation of early versus late stimulation demonstrated a stronger effect of late
stimulation that took place on the estimated IEL and shortly after. Within the understanding of
the forward model of cognition (Sokolov et al., 2017), the predictions of a certain action are
compared against sensory information. The cerebellum is likely to contribute to the error signal
during the comparison stage and the ERN could therefore indicate the deviation of the matching
of both representations, the actual and the prediction. Therefore, late stimulation might have
affected the comparison stage while early stimulation did not. In contrast to the ERN, the analysis
of the Pe did not reveal any significant differences. Contrary to effects on the Pe in patients with
cerebellar stroke (Peterburs et al., 2012), the absent effect on the Pe using spTMS might be related
to the short induced plasticity changes that cannot replicate the long lasting effects of stroke. In
addition, error awareness, as indicated by the Pe (Endrass et al., 2007), was not relevant for task
completion and also not manipulated. Hence, a more sensitive task setup on the Pe might reveal

difference in the Pe depending on the stimulation site and timing.
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The behavioral data did not show any significant difference between the stimulation sites,
challenging the direct link between the impact of the spTMS on the ERN and the performance in
the task. This finding is in accordance with the missing behavioral difference in patients with
cerebellar degeneration in the study of Tunc et al. (2019), in which also a Flanker task was used
to induce error commissions. The analysis of the error rate with TMS pulses before and after
response execution demonstrated an increased error rate when pulses were applied after the
response. No difference was present for the stimulation sites which suggested that it was a change
in behavior induced by the TMS pulse itself rather than a specific change depending on the
stimulation site. This effect could also correspond to a startle response that decreased response
times when TMS pulses occurred before responding, extending the period to make the decision.
Due to the estimation of the IEL and the variability of the pulse timings for each participant,

response times were not analyzed.

The interpretation of the results is limited by the complex setup and procedure of the experiment
itself. The decision to stimulate the vertex region as a control condition contained the risk to
stimulate other brain regions that are relevant for error processing. In addition, we used a double
cone coil to stimulate deeper cerebellar brain regions by the trade-off of focality (Can et al., 2018),
increasing the likelihood to stimulate adjacent brain regions. However, sham stimulation cannot
reflect the characteristic of a TMS pulse and is therefore suggested to be a poor control condition
(Duecker & Sack, 2015). In addition, due to the heating of the coil over the course of the task,
trials were missing particularly when the output power of the system was high which depended
on the IMT. We analyzed the Nogo trials and observed remaining artifacts in the EEG signal after
using ARTIST. This limited the interpretability of the results. Nevertheless, we could observe to
some extent the Nogo-N2 and Nogo-P3 ERP components in the grand-average signal which were

also similar to the grand averages obtained from the pre-task without pulses.
4.4 Conclusion

We shed light on the role of the cerebellum for processing errors in healthy controls using both,
EEG and spTMS. Both systems were co-registered, and pulses were applied throughout the
Go/Nogo Flanker task. Stimulating the cerebellum, we observed a reduction of the ERN
amplitude in comparison to vertex stimulation. This finding supported the notion of the
contribution of the cerebellum to performance monitoring as suggested by Peterburs and
Desmond (2016). The effect of spTMS on the ERN was not related to the trial type. A second
effect was identified in the temporal domain. Late cerebellar stimulation caused a stronger
reduction on the ERN than early stimulation, leading to the conclusion that the contribution of the

cerebellum to error processing is likely happening between the IEL onset and 50 ms later. As
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predicted, the Pe did not show any effect. In conclusion, the abovementioned findings support the
cerebellum’s role in performance monitoring and highlighted the necessity for more studies using

NIBS to investigate the cerebellum’s contribution to other non-motor cognitive functions.
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5 Study 3: Impaired reinforcement learning and coding of
prediction errors in patients with cerebellar degeneration - a

study with EEG and voxel-based morphometry

5.1 Introduction

Learning from feedback is a vital ability for survival. To achieve learning, the consequences of a
decision or action must be correctly processed, evaluated, and understood. These consequences
can be conceptualized as performance-related feedback and the process behind this mechanism is
called performance monitoring (Ullsperger, Danielmeier, & Jocham, 2014). This performance-
related feedback can be explained with the principle of reinforcement learning (Rescorla &
Wagner, 1972). The cerebellum is suggested to be involved in the process of learning from
feedback (Bellebaum & Daum, 2007). During learning, RPEs occur when the expected outcome
(prediction) deviates from the actual outcome (feedback) which creates an error signal. This error
signal is evaluated to minimize the deviation and update the RPE for future predictions. Several
studies have shown that the cerebellum is involved in the processing of PEs (Ernst et al., 2019;

Schlerf et al., 2012).

Studies on patients with cerebellar diseases such as SCA and patients suffering from cerebellar
stroke not only show severe motor impairments (Cabaraux et al., 2023; Manto et al., 2012) but
also non-motor impairments (Leiner et al., 1986; Schmahmann & Sherman, 1998). In particular
regions of the posterior and lateral cerebellum such as the regions Crus I and II were associated
with cognitive functions (King et al., 2019; Stoodley & Schmahmann, 2009). Alterations in the
neuronal processing after cerebellar damage in cognitive tasks was demonstrated measuring EEG
(Peterburs et al., 2012; Peterburs et al., 2015; Rustemeier et al., 2016; Tunc et al., 2019).
Interestingly, these alterations were, among other ERP components, observed in the FRN
(Holroyd & Coles, 2002; Nieuwenhuis et al., 2004), an ERP locked to the onset of feedback. The
FRN peaks within the time window of 200 - 350 ms and has been shown to code RPE reflecting
striatal activity (Becker et al., 2014; Cohen, 2007). In addition, the FRN was sensitive to the
modulation by several characteristics of feedback such as feedback valence (Bellebaum et al.,
2010; Gehring & Willoughby, 2002; Nieuwenhuis et al., 2005), violation of expectation
(Bellebaum et al., 2010; Pfabigan et al., 2011) and feedback delay (Peterburs et al., 2016).
Interestingly, delaying feedback information had a beneficial influence on the performance of
patients with PD (Foerde & Shohamy, 2011). RPE coding in the FRN was also observed during
learning tasks with evidence highlighting an effect of positive feedback on RPE (Kirsch et al.,
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2022; Weber & Bellebaum, 2024). In addition, Rustemeier et al. (2016) showed altered FRN and
P3/P300 patterns but no difference in the learning performance in patients with cerebellar stroke.
The P3 is a feedback-locked ERP component with a positive deflection that appears in the time
window between 300 - 500 ms (Polich, 2007) and has also been shown to reflect RPE (Chase et
al., 2011; Hoy et al., 2021; Weber & Bellebaum, 2024).

Importantly, the P3 can be functionally separated into a frontal subcomponent called P3a
primarily associated with attention orientation and a parietal subcomponent called P3b primarily
involved in memory functions such as updating contextual information (Donchin & Coles, 1988;
Polich, 2007). Furthermore, patients with cerebellar degermation showed a relation between the
GMYV reduction in posterolateral regions of the cerebellum and the error rate and the pattern of
the response-locked ERN (Falkenstein et al., 1991; Gehring et al., 1993) in an antisaccade task
(Peterburs et al., 2015).

The goal of the present study was to investigate reinforcement learning in patients with cerebellar
degeneration and to specifically focus on processing of RPE and associated ERP components. A
probabilistic feedback-based learning task with EEG was administered on two days using
different feedback timings following an action (immediate feedback = 500 ms, delayed feedback
= 6500 ms). Patients with cerebellar degeneration (without extracerebellar damage) were tested,
and healthy controls were matched according to age, sex, and education background. Neurological
and neuropsychological testing was conducted as well as MRI measured to quantify the GMV in
the cerebellum. Derived from previous studies looking at patients with cerebellar degeneration
(Peterburs et al., 2012) we expected worse learning in patients compared to controls and to
investigate to which extent the cerebellum might contribute to learning from delayed feedback.
Additionally, we expected to see altered single trial FRN, P3a and P3b effects in patients
compared to controls for high vs. low RPEs. Lastly, we expected to identify a link between GMV
reduction in specific cerebellar subregions in patients and possible group differences in the
accuracy, FRN and P3a/ P3b ERP components. The hypotheses were preregistered on OSF
(https://osf.io/fgw8l/) and ethical approval was provided by the Ethics Committees of the Faculty
of Medicine at Heinrich Heine University Diisseldorf, Germany in accordance with Declaration

of Helsinki (World Medical Association, 2013).

5.2 Method

In total, we tested fifty-nine participants (28 patients, 31 healthy controls). Only patients suffering
from cerebellar degeneration were included. Subtypes of SCA that also included extracerebellar

degeneration were not tested. We included different SCA types (e.g., SCA6, SCA14). Exclusion
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criteria were the standard MRI exclusion criteria as well as alcohol or substance abuse, any
psychiatric or neurological disorder. Mild depression was not an exclusion criterion as patients
with degenerative diseases frequently show mild depressive symptoms. Seven patients and six
healthy controls were excluded after examining the structural imaging data, EEG data and
questionnaires. For the behavioral and ERP analysis, the sample consisted of 21 patients (n = 8
female, mean age in years = 51.38, SD = 14.70) and 25 controls (n = 10 female, mean age in years
52.52, SD = 13.72). A homogeneity analysis revealed two outliers (patients sharing SCAR10
diagnosis) with severe global GMV reduction. In addition, due to missing MRI data in one patient
and one healthy control, the final sample size for the voxel-based morphometry (VBM) to
quantify the GMV in the imaging data was reduced (patients n = 18, control n = 24). Multiple
neurological tests were administered to estimate the severity of motor impairments in patients and
possible cognitive deficits. In controls, similar cognitive testing was conducted. Different
questionnaires were used to assess handedness, the psychological and health state and experienced

quality of life.
5.2.1 Experimental task and procedure

A probabilistic feedback-based learning task (Bellebaum & Colosio, 2014; Eppinger et al., 2008)
was used while recording EEG. Measurements took place on two consecutive days with different
stimulus sets and different feedback delays. In total, 320 trials were presented grouped into eight
blocks of 40 trials each. At the beginning of each trial, a fixation cross was presented for 500 -
1500 ms. Subsequently, the stimulus was presented surrounded by two red rectangles to indicate
a left or right button press. The stimulus was presented for 1500 ms and participants had to
respond by pressing the left or right button on a response box. The choices (rectangles) remained
on the screen for additional 1500 ms extending the response time window to a total of 3000 ms
when no button press occurred. When participants pressed a button press (e.g., left button), the
respective rectangle (left) lit up for 200 ms. Next, the feedback delay was presented as a black
screen for 500 ms for immediate and 6500 ms for delayed feedback. Thereupon, the feedback was
presented for a duration of 1000 ms. The performance-related feedback (stimulus-response
association) was indicated by "+20ct" in green font for a correct association (positive feedback)
or "-10ct" in red font as an incorrect association (negative feedback). In total, four stimuli were
randomly assigned of which two were learnable and two were not and associated with random
feedback presentation (50 %). These stimuli were used as distractors and increased task difficulty.
The learnable stimuli had a contingency of 90 % which translates to contingent feedback
(performance related feedback) in nine out of ten trials. In one of ten trials, the opposite feedback

than the correct stimulus-response association was displayed to increase the difficulty to learn the
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association. We determined a learning criterion of 65 % which led to a new stimulus set after the
second block when the criterion was exceeded. In total, 32 participants (15 patients, 17 controls)
exceeded the learning criterion in at least one of the sessions. In addition, a ninth block was added
when participants exceeded the learning criterion in the eighth block. We excluded trials when
responses were faster than 100 ms and longer than 3000 ms as well as trials with more than one

response.

On the first day, all participants conducted the probabilistic feedback-based learning task in front
of a laptop using two buttons on a response box while measuring EEG. The task was followed by
neuropsychological and neurological testing. Afterwards, the MRI session took place and
participants were provided with different questionnaires. On the second day, the learning task was
repeated with a different stimulus set and delay period. Both stimulus sets and feedback timings

were counterbalanced across the participants.
5.2.2  Data analysis

Accuracy was analyzed averaged for all learnable trials and corrected for outlier trials. In addition,
we calculated choice switching to identify changes in cognitive flexibility in patients compared
to controls. For the EEG data, the signal was preprocessed using standard preprocessing steps
including the removal of bad and noisy electrodes, re-referencing the data to the mean of the
mastoids, direct current detrending, filtering and correction of ocular artifacts using independent
component analysis. Afterwards, data were segmented locked to feedback-onset. Segments were
baseline corrected and an artifact rejection applied. For the single-trial analysis of the ERP
components FRN, P3a and P3b, custom scripts written in MATLAB code were used. The FRN
was measured at electrode FCz in the time window between 200 and 350 ms after the onset of the
feedback (Bellebaum et al., 2010; Peterburs et al., 2016). The single-trial P3a (FCz) and P3b (Pz)
were both measured within the time window of 300 - 500 ms post-feedback (Polich, 2007). A

time window of 40 ms around the peak were used for averaging.

The PE was calculated based on reinforcement learning (Sutton & Barto, 2018) and modelled via
a Rescorla-Wagner model (Rescorla & Wagner, 1972). Other variables included into the equation
were the response probabilities, learning rate and exploration behaviour. To disentangle feedback
valence from the PE, we took the absolute value and calculated the unsigned PE, reflecting the
expectancy in each trial. Theoretical implications for calculating the unsigned PE were provided

by the PRO model (Alexander & Brown, 2011).

The T1-weighted imaging data were acquired with a 3T MR scanner and converted into the Brain

Imaging Data Format (BIDS: Gorgolewski et al., 2016; Zwiers et al., 2022) for the VBM. Whole-
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brain VBM was preprocessed in the Computational Anatomy Toolbox (Gaser et al., 2022). The
total intracranial volume was estimated for each participant. The cerebellar VBM was conducted
using the preprocessing functions for isolation, segmentation, hand correction of cerebellar
masks, normalization and reslicing in the Spatially Unbiased Infratentorial toolbox (SUIT:
Diedrichsen, 2006). The whole-brain and cerebellar VBM images were checked after each
preprocessing step and a homogeneity analysis was conducted to identify potential outliers. The

final whole-brain and cerebellar gray matter maps were smoothed (Peterburs et al., 2015).

MLMs were calculated for the statistical analysis of the behavioral and EEG data following best-
practice guides (Meteyard & Davies, 2020). Outlier were detected using Cook’s distance (Cook,
1977). For the behavioral analysis, the between-subject factor group (patient, control) and the
within-subject factor feedback timing (immediate feedback, delayed feedback), feedback valence
(positive feedback, negative feedback), response type (correct, incorrect), and the scaled factor
block were included as fixed-effects and random slopes, and participant was added as random
effect. For the ERP components, we modeled group (patient, control), feedback timing
(immediate, delayed), feedback valence (positive feedback, negative feedback) and learnability
(learnable stimuli, unlearnable stimuli). In addition, the continuous predictor unsigned PE and a
random intercept and slopes per participant for all within-subject factors were included. All
categorical predictors were simple coded, and Satterthwaite’s method was used to estimate the
degrees of freedom and to calculate p-values. All p-values below .05 were considered as

statistically significant.

Two-sample #-test were used to analyze the whole-brain and cerebellar GMV between the two
groups (contrast control > patient). Multiple regression analysis was applied to analyze the
cerebellar GMV and its influence on potential group differences derived from the learning task.
The total intracranial volume and age were used as covariates. Family-wise error (FWE) corrected
p-value < .5 and uncorrected p-value (p-uncorr. < .001) were used as thresholds and the regions

were labelled with the probabilistic MRI atlas (Diedrichsen et al., 2009).
5.3 Results and discussion

The analysis of accuracy revealed no significant group difference between patients and controls.
The main effect on feedback timing was significant. The accuracy was higher for delayed
compared to immediate feedback across groups. Also, the main effect of block was significant.

The accuracy was higher at the end of the task compared to the beginning for both groups.

Moreover, the analysis of choice switching, a measure of behavioral flexibility, showed the
expected increased switching behavior after negative compared to positive feedback. Likewise,
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choice switching was increased after incorrect compared to correct responses. Also, choice

switching was higher at the beginning of the task compared to the end.

Also, decreased choice switching for both groups and feedback timings across task progression
were present. In addition, for correct choices, more choice switching was found for immediate
compared to delayed feedback. Increased choice switching was present for negative compared to
positive feedback for both response types. For both groups, choice switching did not change for
incorrect choices across task progression but for correct choices, choice switching decreased

across task progression.

The analysis of the single-trial FRN amplitude revealed a significant effect for group with a more
negative FRN amplitude for patients compared to controls, a significantly more negative FRN
amplitude for negative compared to positive feedback and delayed compared to immediate
feedback. For the unsigned PE, the FRN turned out to be less negative with higher unsigned PEs.
A significant three-way interaction between group, feedback valence and unsigned PE revealed
an absent coding of the unsigned PE in patients. For the controls, we found the coding of the
unsigned PE for positive feedback. Highly unexpected positive feedback reflected in high
unsigned PEs could have decreased the negativity of the FRN and recent findings underline the
processing of positive PE in healthy controls (Kirsch et al., 2022; Weber & Bellebaum, 2024).
Interestingly, Corlett et al. (2022) recently demonstrated activations in the cerebellum towards
unsigned PE only using a meta-analysis. The cerebellar degeneration in the patients likely
contributed to the absence of unsigned PE modulation on the FRN and caused the overall more
negative FRN compared to controls. In patients, the FRN was more negative for negative
feedback compared to positive feedback which is in line with results in patients suffering from

cerebellar stroke (Rustemeier et al., 2016).

Similar to the FRN results, the P3a demonstrated a specific effect for positive PEs for the control
group only and no modulation of the unsigned PE in patients. In addition, the learnability of the
stimuli had an influence on the unsigned PE, causing a more positive P3a with higher unsigned
PE. These results are again in line with recent findings on positive PE modulation in healthy
participants (Weber & Bellebaum, 2024). In addition, Hoy et al. (2021) discovered a central scalp
distribution of the P3 ERP component (= P3a) when focusing on the positive unsigned PE and a
more posterior scalp distribution (= P3b) when taking valence into account as the signed PE. The
P3ais involved in attention processes such as orientation (Polich, 2007) and the P3a was increased
for positive compared to negative feedback, more positive for unlearnable compared to learnable
trials and more positive for higher unsigned PE which might be explained by expectancy across
participants. Positive feedback, unlearnable trials and higher unsigned PE might elicit stronger
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P3a amplitudes because expectancy is lower, than for negative feedback, learnable trials and low

unsigned PEs.

In addition, the P3b is seen to indicate the update of contextual information in learning (Polich,
2007) and to code RPE (Lauffs et al., 2020). Interestingly, the controls did show a modulation by
the unsigned PE and a modulation by feedback valence and timing. In controls, significant effects
were present for positive immediate and positive delayed feedback and unsigned PEs. The P3b
amplitude was more positive with higher unsigned PEs. For negative delayed feedback we
discovered an additionally effect, with less positive P3b amplitude for higher unsigned PEs. In
patients, no coding of the RPE in the P3b amplitude was present. Nevertheless, the patients
showed a main effect of feedback valence, with a more positive P3b amplitude for positive
compared to negative feedback. Also, an effect of feedback timing was present in patients and not
in controls which points towards different context updating profiles when feedback delays are
manipulated. This would also explain a more positive P3b during delayed feedback in patients
because of the difficulty and probably working memory efforts to keep the stimulus-response
association active in longer delays. This would support the notion that stimulus-response-
feedback association might have been altered in patients with cerebellar degeneration causing

alterations on all ERPs during learning from performance-related feedback.

Whole-brain VBM revealed global cerebellar degeneration in patients compared to controls and
cerebellar VBM demonstrated the strongest degeneration (i.e., reduction of GMV) in bilateral
Crus I/ II of lobule VI and bilateral lobules I-IV. The results on the multiple regression analysis
in patients showed a negative correlation between GMV and the FRN amplitude. Bilateral GMV
reduction in Crus I and Crus II were associated with less negative FRN amplitudes. This
observation is comparable to the findings of Peterburs et al. (2015), in which the ERN amplitude
also negatively correlated with GMV reduction in patients with cerebellar degeneration in the
posterolateral cerebellum. In addition, a recent meta-analysis substantiates the present correlation
by highlighting activation patterns in the cerebellum for similar cerebellar regions for reward

expectation and feedback (Kruithof et al., 2023).
5.4 Conclusion

In conclusion, the present study shed light on the involvement of the cerebellum in reinforcement
learning and RPE processing. The results revealed altered RPE processing in patients. We
discovered consistent results across the FRN, P3a and P3b including a general absence of the
unsigned PE in patients compared to controls. In addition, the results on the GMV using VBM

demonstrated wide cerebellar degeneration in patients and a negative correlation between the
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GMYV and the FRN amplitude. The present evidence underlines the importance of a healthy
cerebellum in processing PE through a constant exchange within the reciprocal cerebello-
thalamo-cerebral pathways that enables a direct impact of the cerebellum to higher cerebral
processes that generate ERPs. Future studies need to further analyze to which extent the
cerebellum is involved in the coding of the RPE using task-based fMRI in patients with cerebellar
degeneration and other diseases such as cerebellar stroke and also non-invasive brain stimulation

in healthy controls.
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6 General discussion

The previously discussed results on error processing and reinforcement learning emphasize the
contribution of the cerebellum to performance monitoring. Our studies revealed compelling
evidence for cerebellar contribution to error processing (study 2) in healthy controls using
cerebellar TMS and reinforcement/ feedback-based learning, both in the past literature (study 1)

and in an experiment in patients with cerebellar degeneration (study 3).

Study 1 investigated the cerebellum’s role in feedback-based learning using a systematic review
approach. Eleven behavioral studies were included using different task parameter, patient
samples, and sizes. Results demonstrated a heterogeneous picture of the available behavioral data
in patients with about half the patients revealing behavioral alterations. One study using learning
and EEG measures revealed altered feedback-related ERP components (FRN, P300). The
neuroimaging findings were more consistent with cerebellar activation in 561 healthy participants
across 25 studies. Bilateral activations of the cerebellum were reported as well as rsFC changes

in one study after the conduction of a learning task including performance feedback.

Study 2 investigated the temporal aspects of cerebellar contributions to error processing. Adult
volunteers completed a Go/NoGo Flanker Task while EEG was measured and spTMS on the
cerebellum and an extra-cerebellar control region (vertex) in two different sessions was applied.
Pulses were applied at different points in time to identify the possible timing of cerebellar input
to higher cerebral processes for the processing of errors. Results revealed no differences of
stimulation site on the error rates. However, we found an effect on stimulation timing pre- and
post-response, with lower error rates when pulses were delivered before the response. In addition,
we found the hypothesized blunting of the ERN for cerebellar compared to vertex stimulation.
For the Pe, we did not observe an effect. The interpretation of the Nogo trials regarding the ERP
components N2 and P3 (stimulus-locked) and the theta power in a time-frequency analysis to
investigate response inhibition, another subfunction of performance monitoring, was not possible,

as the TMS pulse artifact still superimposed the signal after artifact rejection.

Study 3 elucidated the involvement of the cerebellum in reinforcement learning and RPE coding.
We tested patients with a cerebellar degeneration and matched healthy controls using a
probabilistic feedback-based learning task while measuring EEG. Feedback was presented either
with a delay of 500 ms or 6500 ms in two different sessions. We analyzed the behavioral
performance and neural response patterns sensitive to reinforcement learning and RPE processing
such as the FRN and P3a/b. In addition, we measured MRI to estimate the amount of cerebellar

GMYV and to link it to task performance and ERP indices. In addition, neurological and
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neuropsychological tests and questionnaires were used to characterize the severity of possible
motor and cognitive impairments in patients and controls. Results demonstrated no group specific
effect on accuracy but an influence of block and feedback timing on the accuracy across groups.
Interestingly, choice switching decreased over time across groups but with the strongest decrease
for the controls during delayed feedback. Moreover, in controls, modulations of unsigned RPEs
in the FRN and P3a for positive feedback and in the P3b for positive and negative feedback were

present. In patients these effects were completely absent.

The analysis of the GMV using VBM demonstrated global cerebellar degeneration with a
particular reduction in the bilateral Crus I/ I and lobules I-IV in patients compared to controls.
The correlation analysis with multiple regression revealed a negative correlation between the FRN

amplitude and GMV in bilateral Crus I/ II.
6.1 Reinforcement learning and the cerebellum

The present results from study 1 and 3 both emphasize the cerebellum’s contribution to
reinforcement learning and extend its role in sensorimotor learning and PE processing
(Blakemore, Goodbody, & Wolpert, 1998; Johnson et al., 2019; Schlerf et al., 2012) to non-motor,
cognitive functions (Peterburs & Desmond, 2016). The cerebellum is strongly connected to other
brain regions including those that are involved in reinforcement learning and reward processing
such as the basal ganglia (Bostan & Strick, 2018) and the VTA (Watabe-Uchida et al., 2012).
Understanding the cerebellum as a hub for reinforcement learning is underlined by findings on

Purkinje and other cells that were shown to code reward signals (Kostadinov & Hausser, 2022).

The results of study 3 demonstrate that electrophysiological patterns were altered in patients
suffering from cerebellar degeneration and that these alterations were closely linked to RPE
processing. The FRN was analyzed which is seen to be indicative of reinforcement learning and
to reflect striatal RPEs to enable successful behavioral adaptation (Holroyd & Coles, 2002;
Nieuwenhuis et al., 2004). The results from study 3 show altered unsigned PE coding in the FRN
in patients. Altered ERP difference wave amplitudes were also shown in patients with cerebellar
lesions (Rustemeier et al., 2016). Patients showed higher FRN amplitudes for negative compared
to positive feedback. This difference was absent in healthy controls. The results of study 3
demonstrated overall higher FRN amplitudes in patients compared to controls. This was
surprising, as we expected the FRN amplitude in patients to be less positive compared to controls.
Besides, general effects for feedback valence, feedback timing and unsigned PE were present,
with more negative FRN amplitudes for negative compared to positive feedback, for delayed
compared to immediate feedback, and high unsigned PE compared to low unsigned PE. As
described in study 1, Rustemeier et al. (2016) discussed the results on the FRN together with the
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results of the P300 in patients which was also more positive after positive compared to negative
feedback. The pattern of the ERP suggested that the FRN and P300 together with the P200 which
alone did not yield any significant difference, could be seen as a complex that is reflecting
reinforcement learning in a wider time span of the ERP. Based on these observations, we
discovered the expected altered PE coding in the later P3a in patients. Only in controls, a
modulation of positive feedback by the unsigned PE was present for the FRN and P3a which is
in line with the recent observation of Weber and Bellebaum (2024) in a comparable probabilistic
feedback learning task in healthy participants. They also found a modulation in the FRN and
P3a/P3b amplitude only for positive feedback and replicated previous findings on RPE in the
FRN (Kirsch et al., 2022). In accordance with the proposal of Proudfit (2015), Weber and
Bellebaum (2024) concluded that the term RewP instead of FRN would be more applicable to
describe these selective effects on the FRN for positive feedback. The influence of negative
feedback on the FRN is assumed to reflect a N200 ERP component not sensitive to PE. Our results
showed consistent findings of absent unsigned PE coding across all three feedback-locked ERPs

in patients.

The probabilistic-feedback based learning task was designed to enable the participants to learn
stimulus-response-feedback associations which allowed to investigate unsigned PE generation on
a single-trial level. A study by Borries et al. (2013) investigated whether the violation of positive
or negative expectancy had an impact on the FRN in a reversal learning task without performance
related feedback as a so called confound. They assumed that behavioral adaptation processes are
driven primarily by negative feedback and not positive feedback and found evidence that the FRN
coded feedback valence but not the expectancy. This is in line with the RL-theory (Holroyd &
Coles, 2002) and suggests that, in contrast to the PRO model (Alexander & Brown, 2011), the
FRN codes signed PEs. In contrast, an EEG study on the FRN found that the FRN coded salience
and not signed PEs (Talmi et al., 2013). The analysis of choice switching in study 3 underlined
the idea by Borries et al. (2013). Higher choice switching after negative compared to positive
feedback was found across groups. Additionally, we found evidence that the FRN is altered by
feedback valence and that the expectancy is coded within the unsigned PE which was altered in
patients. In contrast to the PRO model and the findings of Borries et al. (2013) in healthy controls,
we used a task with contingent feedback (i.e. performance related) assigned to two stimuli and
analyzed the learnability as a separate factor to see how the unsigned PE is affected throughout

the task.

We did not observe an effect of learnability in the FRN, but we found evidence in the P3a
amplitude as an interaction between learnability and unsigned PE. The effect was only significant

for learnable trials in controls and non-significant in patients. Interestingly, Borries et al. (2013)
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found the P300 a reversed pattern which was assumed to code expectancy and not the feedback
valence as compared to the FRN. They concluded that the P300 reflects the updating process of
relevant information for behavioral adaptation. The absent coding of the unsigned PE in patients
and missing effect of learnability in the P3a hint towards an alteration of expectancy in patients.
Nevertheless, we also observed valence specific differences in the P3a with more positive
amplitudes for positive compared to negative feedback. Concerning the P3b, we found main
effects of feedback valence and feedback timing in patients but no unsigned PE coding. However,
in controls, for positive and negative feedback a modulation of unsigned PE was present for
delayed feedback only. This is in line with the view that in particular the parietal P3b amplitude
is involved in contextual updating processes (Polich, 2007). Analogous to the results of
Rustemeier et al. (2016), the present results of study 3 extend each ERP components alteration
according to high and low unsigned PE in patients towards a general alteration within the

feedback-locked ERP when the cerebellum is degenerated.

The results from the whole-brain and cerebellar VBM in study 3 demonstrated the expected GMV
reduction in patients compared to controls. We did not observe any extra-cerebellar differences
in the whole-brain VBM between patients and controls. The multiple regression analysis revealed
a less negative FRN amplitude with higher GMV reduction in bilateral Crus I/ II. This finding is
in line with our prediction and the idea that cerebellar degeneration alters the inhibitory tone of
the cerebellar hemispheres towards higher cerebral structures. Evidence for blunted ERP
components with GMV reduction were shown in the ERN in patients with cerebellar degeneration
(Peterburs et al., 2015). Astonishingly, study 2 showed also a blunted ERN for cerebellar
compared to vertex spTMS stimulation which underlines the general contribution of an intact
cerebellum for PE generation and updating as explained by the forward model (Sokolov et al.,
2017). In addition, the cerebellar VBM results with the FRN in study 3 overlap to some extent
with the findings on the FRN and the accumulated functional imaging evidence during feedback-

based learning in study 1.

Moreover, the single-trial analysis did not show any coding of unsigned PE on the FRN, P3a and
P3b across the patients who suffered from different cerebellar ataxia but shared exclusive
cerebellar degeneration. A recent meta-analysis discovered cerebellar activation in both, the
prediction (anticipation) and outcome stage across 31 different monetary incentive delay tasks in
healthy participants (Kruithof et al., 2023). They discovered bilateral activations in the anterior
cerebellum (lobule I-V), lobule VI, left Crus I, and in the posterior vermis for the anticipation of
feedback. For the presentation of reward (feedback), they found activation differences in the left
lobule VI and vermal lobule VI across a subset of 16 tasks. Different to study 1, no patient studies

were analyzed, and the focus was solely on monetary incentive delay tasks. Study 1 revealed
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altered behavioral performance in half of the studies. The heterogeneity of the performance-
related results in study 1 were likely driven by the heterogeneity among the parameters of each
individual study. For instance, selective impairment for reversal learning was found in cerebellar
stroke patients in a probabilistic learning task (Thoma et al., 2008). However, no difference was
found in the same sample for the performance in a modified version of the WCST. In contrast, a
recent study found in patients with cerebellar ataxia using the WCST besides other
neuropsychological tests a correlation between the WCST with ataxia scores (Shin et al., 2024).
In addition, correlations between the VBM results with the right Crus I and II, lobule VIIb and
VII and the subfactor non-perseverative error from the WCST were present. Also, rsFC changes
were found using cerebellar seeds with the superior parietal and superior temporal gyrus in
patients. All results point towards impaired cognitive flexibility interpreted as a disruption of the

cerebello-thalamo-cerebral connectivity (Shin et al., 2024).

Comparing these results with the findings of Study 3, we see no differences on the accuracy
between patients and controls and only a general effect for feedback timing, with increased
accuracy for delayed compared to immediate feedback, a general effect of block, with higher
accuracy for later compared to earlier blocks. For study 1, we expected a more consistent patterns
on the performance in patients depending on the type of cerebellar damage. Whereas patients with
cerebellar stroke were suggested to restore their initial symptoms to some extent, we assumed that
patients with a progressive cerebellar degeneration could not. For study 1, we expected patients
to show less accuracy in the task compared to the controls and a modulation by feedback delay as
shown in patients with PD in the study by Foerde and Shohamy (2011), where immediate
feedback triggered striatal activation whereas delayed feedback showed hippocampal activation

using fMRI.

Besides, a study by Nicholas et al. (2023) investigated reinforcement learning and PE processing
in patients with cerebellar ataxia using a probabilistic feedback-based learning in combination
with a semantic learning task. Importantly, they included patients who probably also show non-
cerebellar atrophy (e.g., cerebellar MSA). They observed impaired learning in patients in the
probabilistic feedback-based learning task but a preserved ability to predict rewards based on
episodic memory. In study 3, choice switching behavior decreased across groups over time, but
the strongest decrease was present for the control group during delayed feedback. The delay
period could have facilitated learning of the relevant stimulus-response associations in controls
more than it did in patients, where choice switching behavior was more similar between both
feedback timings. However, the present results of study 3 do not show a direct relationship
between feedback delay and the cerebellum in patients which leaves open the question of whether

there is a relationship at all.
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6.2 Error processing and the cerebellum

The results on error processing through the application of spTMS on the cerebellum to study
potential effects on the behavior and electrophysiological activity in a Go/Nogo Flanker task
clearly demonstrated an impact of a ERN amplitude reduction in comparison to vertex
stimulation. The ERN is related to the decrease of DA activity in the ACC (Holroyd & Coles,
2002). We observed a modulation of the ERN by late TMS timing. Late TMS timing consisted of
stimulation timings at the latency of the individual error latency and 50 ms afterwards. The ACC
needs information about the prediction (form e.g., the cerebellum, see forward model) and sensory
consequences of the decision/ response and therefore time to generate a signal. Timings before
the ERN latency did not show the blunting of the ERN in study 2. A study by Tunc et al. (2019)
found a trend-level significant effect on the ERN in a similar Flanker task in patients with
cerebellar degeneration pointing towards an effect of cerebellar degeneration on the ERN.
Similarly, patients with basal ganglia and patients with lateral prefrontal cortex lesions conducting
a Flanker task revealed reduced ERN amplitudes compared to controls (Ullsperger & Cramon,
2006). They inferred that the ERN could be an indicator of the status of the neuronal network

underlying performance monitoring.

In study 2, the behavioral data did not reveal a difference between stimulation sites nor stimulation
timing on the error rate, but we found a dependency on the timing of TMS pulse onset relative to
the response onset with increased error rate when pulses were applied after the response compared

to before the response.

In a separate analysis on the time-frequency data, we looked at the theta power which reflects
prefrontal and ACC activity (Asada et al., 1999). Importantly, the findings were partially overlaid
by the artefacts of the TMS stimulation. The theta activity already occurred before the response
onset which could indicate the conflict-related activity after the presentation of the flanker
stimulus. We did not find the modulation of theta by stimulation site and timing as predicted.
Theta power was increased after cerebellar compared to vertex stimulation and stronger for early
compared to late stimulation. Only the expected increased theta power for error compared to
correct trials was present as predicted. Hence, in accordance with previous studies (Luu et al.,
2004; Yeung et al., 2007), theta and the ERN were interpreted to underly different processes,

reflecting different aspects of error processing and cognitive control.

A difference in the ERN amplitude in the Flanker pre-task was not found, underlining the effects
of the spTMS on the cerebellum. The results on the Pe did not show any significant difference
between cerebellar and vertex stimulation. A study in patients with cerebellar stroke did show
increased Pe amplitude (Peterburs et al., 2012), suggesting a compensatory process when the
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cerebellum is damaged by an isolated lesion event. Patients with cerebellar degeneration did not
show any effect in the Pe (Peterburs et al., 2015) which led to the assumption that this effect is
triggered by focality and therefore likely by the reorganization processes in the brain after a stroke

(Grefkes & Fink, 2011).

Interestingly, Li et al. (2008) reported further cerebellar evidence in error processing. They used
a stop-signal task to induce error commissions while measuring fMRI and found that the
ventrolateral prefrontal cortex was strongly activated when post-error slowing occurred. Based
upon this findings, Ide and Li (2011) identified regions using a similar approach that also
correlated with the cerebellum. The cerebellum demonstrated the strongest association between
the activity caused by errors and underlining its involvement in a circuit of cognitive control and
error processing along the cerebello-thalamo-cerebral loop. Besides, using a Stroop task, Egner
and Hirsch (2005) discovered involvement of frontal regions such as the superior and middle
frontal gyrus during increased cognitive control. Complementary, they observed decreased
activity in regions such as the bilateral prefrontal and parietal cortex when the demand for
cognitive control was reduced and additionally found accompanying activation in the superior

temporal and anterior cerebellum during cognitive control.

The exchange between the cerebellum and higher cerebral areas such as the ACC through
reciprocal cerebello-cerebral loops might have facilitated the exchange of information in study 2.
This could have increased the DA activity in the ACC, leading to less effort to detect and control
errors while blunting the ERN amplitude. Thus, our results provide evidence for the involvement
of the cerebellum in error processing, therefore extending the network perspective on error

processing.

Besides TMS to study error processing, tDCS has been used in Flanker tasks to change the
excitability of the cerebellum and to investigate response inhibition (Mannarelli et al., 2020), a
cognitive process which is closely linked to error processing and also summarized under the term
performance monitoring (Peterburs & Desmond, 2016). The hypothesis on the N2 ERP amplitude
in Nogo trials of study 2 were based on the findings of Mannarelli et al. (2020) in which tDCS
was applied before conducting the task. This is different to spTMS applied while conducting a
task. They showed increased error rates when cathodal cerebellar tDCS was applied compared to
sham stimulation. In addition, the N2 amplitude was reduced for cathodal tDCS compared to
sham stimulation. The N2 amplitude is seen to reflect performance monitoring and decreased N2
amplitudes were associated with improved performance monitoring (Larson & Clayson, 2011).
Physiologically, cathodal tDCS causes hyperpolarization of neurons and stimulating the

cerebellum before the task could have inhibited the inhibitory tone in the cerebellar neurons in a
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similar way as spTMS did in study 2 on the ERN in Go trials. A study by Wynn et al. (2019)
demonstrated reduced error rates using cathodal tDCS on the medial cerebellum in a Go/Nogo
task compared to sham tDCS. No differences were observed for the performance in a delay
discounting. Further, a meta-analysis on cerebellar tDCS demonstrated that both cathodal and
anodal tDCS on the cerebellum led to alteration in behavioral performance across 32 studies.
Hence, no specific effect for the polarity of tDCS was present, challenging the general
interpretation of effects for cathodal against anodal tDCS (Oldrati & Schutter, 2018). Importantly,
the results from the Nogo trials from Study 2 using spTMS must be interpreted with caution, as
the effects were still partly superimposed by artifacts. We did not find the decreased effect in the
N2 amplitude for the timing shortly after stimulus onset but an increased, i.e. more negative
amplitude, pointing towards more effort and suppression and aggravated performance monitoring.
However, this was contradicted by the behavioral data, which did not reveal a difference in false

alarm rates between cerebellar and vertex stimulation.

The stimulus-locked P300 as an indicator of attentional reorientation (Folstein & van Petten,
2008) revealed stronger positive amplitudes for early stimulations (on stimulus onset and shortly
after) compared to late stimulation (300 ms post stimulus onset) for the cerebellum compared to
vertex, interpreted as impeded stimulus discrimination during early stimulation. A meta-analysis
investigating the impact of cerebellar TMS on different cognitive tasks (Gatti et al., 2021)
indicated moderate effects of cerebellar TMS on the accuracy and response time compared to
control conditions across 41 studies. The stimulation paradigm was identified to play a major role

on these behavioral effects and less the investigated cognitive function.

In sum, study 2 revealed alterations in the error monitoring system using spTMS on the
cerebellum. TMS application to dissociate cognitive processes while using tasks to induce errors

can be seen as a promising addition to patient studies.
6.3 Reinforcement learning vs. error processing in the cerebellum

It is logical to assume that reinforcement learning, and error processing are not independent
processes. Without the ability to detect and process errors, reinforcement learning principles
cannot be applied. Holroyd and Coles (2002) proposed that the reinforcement learning and error
processing systems are not independent and both influenced by mesencephalic dopaminergic
activity. The ERN itself is seen as the results of a dopaminergic negative reinforcement learning
signal which is processed in the ACC. The ERN has not only been regarded as an ERP component
indicating errors but also discussed to reflect conflict monitoring (Botvinick et al., 2001;
Botvinick et al., 2004) and also considered to predict reinforcement learning (Frank et al., 2005).
Frank et al. (2005) showed in their study using a probabilistic feedback-based learning task that
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the size of the ERN could predict to which extent participants were able to learn from negative
compared to positive feedback. They additionally analyzed the FRN and classified participants
into learners who had improved their performance particularly based on though negative
feedback, and learners who had learned better from positive feedback. They discovered that the
ERN was closely linked to avoiding negative outcomes which was also indicated by a stronger
FRN amplitude. The difference in these two ERP components was put into relation of
reinforcement learning and they concluded that some participants benefited more from positive,

and some learn better from negative reinforcement learning.

The present results on cerebellar contributions to reinforcement learning and error processing
support the idea of the forward model (Sokolov et al., 2017). We discovered evidence for
modulations in both cognitive functions when cerebellar functions were disrupted. First,
alterations in the error processing system were present when TMS was applied to the cerebellum
(compared to vertex stimulation), a neuronal pattern that appeared to suggest facilitation of error
processing as indicated by reduced ERN amplitudes. Second, when patients with cerebellar
degeneration performed a feedback learning task, coding of the RPE in several ERP components
as observed in healthy controls was absent. Third, cerebellar VBM revealed a link between a
blunting of the FRN and cerebellar GMV reduction, which at first glance seems counterintuitive
to another ERP finding, i.e., a generally increased/ more negative FRN in patients compared to
controls. However, aggregating single-trial data for each participant across all trials likely resulted
in lost variance which the MLM analysis was capable to explain leading to the diverse FRN

pattern.

The first conclusion which can be drawn is that the cerebellum has an impact on the generation
of ERP components that have their major source in the cerebrum, such as the ACC for the
ERN/FRN but also on the P3a and P3b ERP components. The second conclusion is that spTMS
applied to the cerebellum can alter neuronal activity during error processing. In study 2, spTMS
seemed to facilitate error processing by inhibiting the cerebellar hemispheres’ inhibitory tone.
Third, RPE coding was absent in FRN, P3a and P3b in patients with cerebellar degeneration,
pointing to alterations in several processing stages and subprocesses that these components have
been linked to. Across all three studies, the evidence on the behavioral data remains
heterogeneous. Study 1 revealed heterogeneous results in the literature, study 2 showed no effects
of stimulation site on error rates and study 3 demonstrated no group differences in accuracy. Thus,
changes in cerebellar functions that are due to either cerebellar damage or transient functional
disruption appear to have rather subtle effects at the behavioral level. This is consistent with
previous reports on error processing and reinforcement learning in which only certain aspects are

impaired, such as reversal learning (Shin et al., 2024; Thoma et al., 2008).

58



General discussion

6.4 Limitations

The interpretation of the results across all three studies are limited by several individual factors.
For study 1, we included only studies that explicitly mentioned the cerebellum in the title or
abstract into the systematic review. It is likely that we missed studies that found additional
evidence in cerebellar activation during feedback-based learning that did not focus on the
cerebellum and therefore did not state these results in the title nor in the abstract. In addition, we
did not cover studies that used feedback-based learning tasks and did not observe cerebellar

activations while using whole-brain scans (Sescousse et al., 2013; Silverman et al., 2015).

For study 2, we tested healthy participants using a sophisticated setup of EEG and TMS as well
as EMG to investigate the cerebellum’s contribution to error processing. We based our predictions
about the ERN on patients suffering from cerebellar stroke. However, using spTMS is hardly
comparable to cerebellar stroke because it only produces a temporal alteration of excitability
depending on the type of TMS device, protocol, and stroke produces a more permanent damage.
In addition, anatomical markers were used to navigate and stimulate the cerebellum and vertex
region. It is possible that we stimulated adjacent regions due to the coil design which allowed to
stimulate deeper brain regions by the cost of less focality (Can et al., 2018). This could have
caused the stimulation of other brain regions also involved in e.g., visual processing (co-
stimulation of the occipital cortex) or involved in cognitive functions (co-stimulation of cerebral
structures such as the ACC when stimulating vertex) that could have interfered with the
investigation on error processing. We used a questionnaire to ask the participants if any
phosphenes were visually present while conducting the task to make sure that the stimuli during
the Go/Nogo Flanker Task were seen without any distortion. Neuronavigation has been shown to
improve the accuracy of stimulating the desired brain region (Matilainen et al., 2024). Attention
needs to be drawn to the heat development within the TMS coil, as studies rely on sometimes
hundreds of trials to enable the analysis of learning throughout a task. This also leads to other
factors such as the output power that affects heating within the coil and the integrity of the system
(shutting down at some point in time) and making further pulse application impossible unless the
coil is cooled down again. In addition, we encountered the challenge of persistent artifact in the
Nogo trials after applying artifact removal algorithm. Also, some participants experienced
headache after the application of TMS. This needs to be considered when designing tasks with
many trials and TMS pulses.

In study 3, the patient sample consisted of patients suffering from different cerebellar ataxia,
however, all had in common that degeneration was exclusively present within the cerebellum and

participants with extra-cerebellar abnormalities, extensive white matter lesions were removed
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from further analysis. We had to remove two patients with severe cerebellar atrophy which caused
strong variance in the VBM and were classified in a homogeneity analysis as outliers. The small
sample size could have led to an increased beta error, resulting in unidentified effects, particularly
in the analysis of imaging data. Also, results of the MLMs in the single-trial ERP analyses and
the multiple regression analysis are based on different statistical approaches. Whereas MLM use
all underlying data points for each participant and trial to generate the maximum fitting model,
the General Linear Model in VBM makes use of the aggregated datapoints. This might have
resulted in lost variance resulting in deviant results on the FRNs increased negativity in patients
compared to controls in the MLM and decreased FRN amplitude for GMV reduction in Crus I/ II

for in patients.

In addition, the analysis of response-locked ERP components such as the ERN and Pe was limited,
as the task used a rather long response time window of 3000 ms. We could not see a clear ERN
in the grand average signal as for fast-paced tasks such as the Go/Nogo Flanker task in study 2.
Also, several studies have shown that ERN effects are decreasing with age which was assumed
to be related to a worse integration of stimulus-response associations in elderly people (Eppinger
et al., 2008; Herbert et al., 2011; Pietschmann et al., 2008). Our sample consisted of rather old
participants (patients mean age in years = 51.38, SD = 14.70; controls mean age in years 52.52,
SD = 13.72) which probably contributed to an additional weakening of the ERN effects.
Moreover, a learning criterion to change the stimulus set or to extend the experiment with an
additional block at the end of 65 % accuracy was chosen arbitrarily. At which performance

participants are really learning stimulus-response-feedback contingencies can be debated.
6.5 Future directions

We have come a long way from the first studies on the role of the cerebellum in motor functions
(Flourens, 1842; Fodéra, 1823; Rolando, 1809) to the latest developments on the cerebellum’s

role in non-motor learning (Berlijn et al., 2024).

Neurodevelopmental disorders and mental illnesses are now increasingly associated with changes
in the cerebellum (Lin et al., 2024; Morgado et al., 2024; Phillips et al., 2015; Stoodley, 2016).
As already briefly presented in the introduction, differences in activity were found in patients with
schizophrenia (Picard et al., 2008), major depression symptoms (Lin et al., 2024), posttraumatic
stress disorder (Huggins et al., 2024), in patients with attention deficit and hyperactivity/
obsessive compulsive disorder and autism spectrum disorder (Morgado et al., 2024; Stoodley,
2014). Patients suffering from schizophrenia demonstrated altered cerebellar activity with
increased activity in the anterior cerebellum and in lobule VI when rewards were presented in a
monetary incentive delay task compared to controls (Zeng et al., 2022). In addition, decreased
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functional connectivity between the cerebellum and prefrontal, cingulate, occipital and thalamic
regions were shown in patients with schizophrenia and in patients with bipolar disorder
(Cattarinussi et al., 2024). Also, social cognition (van Overwalle et al., 2020) and emotions such
as anger and aggression (Klaus & Schutter, 2021; Wolfs et al., 2023) have been lately associated

with a cerebellar contribution.

Moreover, the evolutionary development of the cerebellum is of great interest, as it has been
shown that the posterolateral cerebellar hemispheres expanded analogously to the expansion of
the human prefrontal cortex (Balsters et al., 2010). A recent study investigating the cerebellar
development in relation to the cerebral development across 34 primate species and revealed
proportional development between both the cerebellum and cerebrum but faster expansion for

Crus I and II in the cerebellum (Magielse et al., 2023).

Besides the evolutionary development, ageing was shown to affect the cerebellum’s rsFC, with
an interesting network perspective related to age provided by Edde et al. (2020). They showed
that participants categorized as young (between 18 and 30 years) revealed stronger post-learning
changes in the fronto-cerebellar, temporo-cerebellar, and cerebello-cerebellar networks. Older
participants (between 61 and 70 years) revealed no involvement of cerebellar networks.
Moreover, only in patients with cerebellar lesion, age significantly correlated with the
performance in a verbal fluency task (Peterburs et al., 2010). This finding supports the assumption

that age at lesion onset might play a role in the severity of deficits in verbal working memory.

New advances in scanning the cerebellum with high resolutions MRI scanner (9.4 Tesla: Sereno
et al., 2020), measuring and mapping the cerebellar nuclei and linking them to task parameters
(van der Zwaag et al., 2023) enable a more precise localization of certain cognitive functions in
the cerebellum. Likewise, new EEG setups to investigate the cerebellum (Todd et al., 2018) and
electrophysiological localization techniques are developed to analyze the cerebellum’s activity
using cerebellar source localization in EEG data (Paitel & Nielson, 2023). Technologies such as
(repetitive-) TMS to induce or to inhibit plasticity changes in the cerebellum need to be further
explored to investigate error processing and reinforcement learning. In addition, new TMS-EEG
artifact correction approaches are developed (Metsomaa et al., 2024) that improve the EEG signal
and clean it from TMS-induced artifacts such as muscle artifacts for optimized preprocessing.
Also, combining multiple technologies such as EEG, TMS, and task-based fMRI could be used

to characterize the cerebellum in healthy participants and patients more in detail.

Furthermore, new imaging standards (Oz et al., 2023) and web-based repository systems
(Gorgolewski et al., 2015) with a specific labeling system of data (Gorgolewski et al., 2016;

Poldrack et al., 2024) will help to make research comparable between different studies at different
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locations, allowing to make use of data from other laboratories to study the brain (Oz et al., 2023).
The research on cerebellar ataxia is ongoing and new SCA types are still being discovered (Tan
et al.,, 2023). In addition, the effects of rehabilitation on the motor impairments arising in
cerebellar ataxia are investigated and show that the patients gains are still preserved after 24 weeks
in half of the sample (Miyai et al., 2012). Thus, the identification of diseases and their effects on

the cerebellum as well as rehabilitation continues and is far from being complete.

All three studies included in the present dissertation investigate cognitive functions that are
affected by alterations in the cerebellum, whether by disease or by physiological stimulation. The
practical and also partly philosophical question of whether the cerebellum processes different
cognitive functions with different physiologically deterministic processes or algorithms and has
a separate program for each in regard to the multiple functionality hypothesis (Diedrichsen et al.,
2019) or whether there is a general process for this as indicated by the universal transform theory
(Guell et al., 2018) remains open. Due to the cerebellum’s uniform neuroarchitecture, it was
reasonable to expect that there is a common functional process that controls different types of
functions. Since the cerebellum cannot be considered as a separate entity but is in constant
exchange with other brain regions that mutually influence each other, it could be difficult to
conclude one general computation within the cerebellum. Looking at the whole brain, it becomes
clear that a functional specialization of cell types and brain regions enables the brain to optimize
processing. It is likely that the cerebellum encompasses multiple programs and that the
phylogenetically older and newer structures code cognitive and motor programs in different ways.
To this day, the mechanisms underlying the cerebellum’s neurophysiological processes are not
clarified yet and new activation patterns in different cell types for e.g., reward-based learning are
found (Kostadinov & Hausser, 2022). Our results indicate the involvement of the cerebellum in
cognitive functions such as error and reinforcement learning were produced in close exchange

with other brain regions which would be more in line with the multiple functionality hypothesis.

In study 1, a taxonomy to understand feedback-based learning in non-motor learning is explained
based on the forward model of cognition (Sokolov et al., 2017). To understand the cerebellum’s
significance for performance monitoring, new models and theories on the cerebellum in error-
based supervised learning are continuously developed, implementing new models and findings
on the cerebellar neurophysiology and functional interaction with other brain regions (Zang &

Schutter, 2023).

In Study 2, we used a novel approach to investigate the ERP component ERN as an indicator of
error processing by making use of concurrent cerebellar stimulation and EEG measurements. This

experiment was possible due to TMS compatible EEG electrodes, a configuration with two
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stimulators that have alternated the delivery of energy for the magnetic pulse, and monitoring of
MEPs throughout the completion of the task to avoid any stimulation of the brainstem during
cerebellar stimulation. In addition, recent developments of new algorithms to remove artifacts
from the data were essential to clean the signal which would otherwise have masked the signal
(Wu et al., 2018). This novel approach of using TMS to stimulate the brain while measuring EEG
to analyze ERP components was also challenging and new standards were developed just recently
to allow optimal measurements using TMS combined with EEG (Hernandez-Pavon et al., 2023).
Other task designs have to take care of the limits of TMS, heat development when multiple single
pulses are applied and the precise estimation of the location that has to be stimulated using

neuronavigational approaches (Caulfield et al., 2022).

In study 3, we used a reinforcement learning algorithm to model the PE for each stimulus and in
each trial. We additionally used a single-trial analysis approach to analyze the ERP components
and how they are affected by the RPE. Modelling the RPE is challenge, as task-specific factors
heavily influence the assumptions and expected behavioral learning curve. New statistical
developments such as MLM were used to make use of each single data point within the data and
enable to make the most of single-trial data. Characterizing the structural anatomy of the
cerebellum using MRI allowed to correlate the electrophysiological data with the cerebellar gray

matter and to study the influence of cerebellar degeneration on reinforcement learning.
6.6 Conclusion

In conclusion, this dissertation had the goal to investigate the contribution of the human
cerebellum to performance monitoring while focusing on reinforcement learning and error
processing. A multimodal approach was used to characterize the cerebellum’s role in non-motor
and external feedback-based learning in the literature, applying spTMS on the cerebellum to
stimulate the cerebellar cortex and to evoke changes that lead to cognitive alterations in the error
monitoring system. Additionally, we investigated reinforcement learning and RPE processing in
the healthy and the diseased cerebellum. Across all three studies, we found evidence for the
contribution of the cerebellum to performance monitoring using behavioral, electrophysiological
and imaging data. The electrophysiological indices FRN in study 1 and 2 for reinforcement
learning and the ERN in study 2 for error processing revealed alterations when the cerebellar
output was changed or disrupted due to stimulation or disease. In addition, the results from the
systematic review in study 1 and in study 3 with patients suffering from cerebellar degeneration
provide evidence for the involvement of the posterolateral cerebellum in reinforcement
(feedback-based) learning. These results underpin the need for further research to complete the

picture on the cerebellum’s role in performance monitoring.

63



References

7 References

Abele, M., Minnerop, M., Urbach, H., Specht, K., & Klockgether, T. (2007). Sporadic adult
onset ataxia of unknown etiology: A clinical, electrophysiological and imaging study.
Journal of Neurology, 254(10), 1384—1389. https://doi.org/10.1007/s00415-007-0556-1

Adamaszek, M., D'Agata, F., Ferrucci, R., Habas, C., Keulen, S., Kirkby, K. C., Leggio, M. G.,
Marién, P., Molinari, M., Moulton, E., Orsi, L., van Overwalle, F., Papadelis, C.,
Priori, A., Sacchetti, B., Schutter, D. J. L. G., Styliadis, C., & Verhoeven, J. (2017).
Consensus Paper: Cerebellum and Emotion. Cerebellum, 16(2), 552-576.
https://doi.org/10.1007/s12311-016-0815-8

Agarwal, A., Pankaj, Faruq, M., Garg, A., & Srivastava, A. K. (2022). Cognition in
Trinucleotide Repeat Spinocerebellar Ataxias: A Review. Annals of Indian Academy of
Neurology, 25(4), 601-605. https://doi.org/10.4103/aian.aian_63 22

Alexander, W. H., & Brown, J. W. (2011). Medial prefrontal cortex as an action-outcome
predictor. Nature Neuroscience, 14(10), 1338—1344. https://doi.org/10.1038/nn.2921

Allman, J. M., Hakeem, A., Erwin, J. M., Nimchinsky, E., & Hof, P. (2001). The Anterior
Cingulate Cortex. Annals of the New York Academy of Sciences, 935(1), 107-117.
https://doi.org/10.1111/j.1749-6632.2001.tb03476.x

Arbel, Y., Hong, L., Baker, T. E., & Holroyd, C. B. (2017). It's all about timing: An
electrophysiological examination of feedback-based learning with immediate and
delayed feedback. Neuropsychologia, 99, 179-186.
https://doi.org/10.1016/j.neuropsychologia.2017.03.003

Argyropoulos, G. P. D., van Dun, K., Adamaszek, M., Leggio, M., Manto, M., Masciullo, M.,
Molinari, M., Stoodley, C. J., van Overwalle, F., Ivry, R. B., & Schmahmann, J. D.
(2020). The Cerebellar Cognitive Affective/Schmahmann Syndrome: A Task Force
Paper. Cerebellum, 19(1), 102—125. https://doi.org/10.1007/s12311-019-01068-8

Asada, H., Fukuda, Y., Tsunoda, S., Yamaguchi, M., & Tonoike, M. (1999). Frontal midline
theta rhythms reflect alternative activation of prefrontal cortex and anterior cingulate
cortex in humans. Neuroscience Letters, 274(1), 29-32. https://doi.org/10.1016/s0304-
3940(99)00679-5

Balleine, B. W., Delgado, M. R., & Hikosaka, O. (2007). The role of the dorsal striatum in
reward and decision-making. The Journal of Neuroscience, 27(31), 8161-8165.
https://doi.org/10.1523/INEUROSCI.1554-07.2007

Balsters, J. H., Cussans, E., Diedrichsen, J., Phillips, K. A., Preuss, T. M., Rilling, J. K., &

Ramnani, N. (2010). Evolution of the cerebellar cortex: The selective expansion of

64



References

prefrontal-projecting cerebellar lobules. Neurolmage, 49(3), 2045-2052.
https://doi.org/10.1016/j.neuroimage.2009.10.045

Balsters, J. H., & Ramnani, N. (2011). Cerebellar plasticity and the automation of first-order
rules. The Journal of Neuroscience, 31(6), 2305-2312.
https://doi.org/10.1523/INEUROSCI.4358-10.2011

Balsters, J. H., Whelan, C. D., Robertson, I. H., & Ramnani, N. (2013). Cerebellum and
cognition: Evidence for the encoding of higher order rules. Cerebral Cortex, 23(6),
1433-1443. https://doi.org/10.1093/cercor/bhs127

Bares, M., Apps, R., Avanzino, L., Breska, A., D'Angelo, E., Filip, P., Gerwig, M., Ivry, R. B.,
Lawrenson, C. L., Louis, E. D., Lusk, N. A., Manto, M., Meck, W. H., Mitoma, H., &
Petter, E. A. (2019). Consensus paper: Decoding the Contributions of the Cerebellum as
a Time Machine. From Neurons to Clinical Applications. Cerebellum, 18(2), 266—286.
https://doi.org/10.1007/s12311-018-0979-5

Baumann, K. (2015). Polyq repeats regulate transcription. Nature Reviews Molecular Cell
Biology, 16(9), 518. https://doi.org/10.1038/nrm4055

Baumann, O., Borra, R. J., Bower, J. M., Cullen, K. E., Habas, C., Ivry, R. B., Leggio, M.,
Mattingley, J. B., Molinari, M., Moulton, E. A., Paulin, M. G., Pavlova, M. A.,
Schmahmann, J. D., & Sokolov, A. A. (2015). Consensus paper: The role of the
cerebellum in perceptual processes. Cerebellum, 14(2), 197-220.
https://doi.org/10.1007/s12311-014-0627-7

Baumann, O., & Mattingley, J. B. (2012). Functional topography of primary emotion processing
in the human cerebellum. Neurolmage, 61(4), 805-811.
https://doi.org/10.1016/j.neuroimage.2012.03.044

Becker, M. P. L., Nitsch, A. M., Miltner, W. H. R., & Straube, T. (2014). A single-trial
estimation of the feedback-related negativity and its relation to BOLD responses in a
time-estimation task. The Journal of Neuroscience, 34(8), 3005-3012.
https://doi.org/10.1523/INEUROSCI.3684-13.2014

Belardinelli, P., Biabani, M., Blumberger, D. M., Bortoletto, M., Casarotto, S., David, O.,
Desideri, D., Etkin, A., Ferrarelli, F., Fitzgerald, P. B., Fornito, A., Gordon, P. C.,
Gosseries, O., Harquel, S., Julkunen, P., Keller, C. J., Kimiskidis, V. K., Lioumis, P.,
Miniussi, C., . . . [lImoniemi, R. J. (2019). Reproducibility in TMS-EEG studies: A call
for data sharing, standard procedures and effective experimental control. Brain
Stimulation, 12(3), 787-790. https://doi.org/10.1016/j.brs.2019.01.010

Bellebaum, C., & Colosio, M. (2014). From feedback- to response-based performance
monitoring in active and observational learning. Journal of Cognitive Neuroscience,
26(9), 2111-2127. https://doi.org/10.1162/jocn_a_ 00612

65



References

Bellebaum, C., & Daum, 1. (2007). Cerebellar involvement in executive control. Cerebellum,
6(3), 184—192. https://doi.org/10.1080/14734220601169707

Bellebaum, C., Jokisch, D., Gizewski, E. R., Forsting, M., & Daum, 1. (2012). The neural
coding of expected and unexpected monetary performance outcomes: Dissociations
between active and observational learning. Behavioural Brain Research, 227(1), 241—
251. https://doi.org/10.1016/j.bbr.2011.10.042

Bellebaum, C., Koch, B., Schwarz, M., & Daum, 1. (2008). Focal basal ganglia lesions are
associated with impairments in reward-based reversal learning. Brain, 131, 829-841.
https://doi.org/10.1093/brain/awn011

Bellebaum, C., Polezzi, D., & Daum, I. (2010). It is less than you expected: The feedback-
related negativity reflects violations of reward magnitude expectations.
Neuropsychologia, 48(11), 3343-3350.
https://doi.org/10.1016/j.neuropsychologia.2010.07.023

Bergmann, T. O., Karabanov, A., Hartwigsen, G., Thielscher, A., & Siebner, H. R. (2016).
Combining non-invasive transcranial brain stimulation with neuroimaging and
electrophysiology: Current approaches and future perspectives. Neurolmage, 140, 4-19.
https://doi.org/10.1016/j.neuroimage.2016.02.012

Berlijn, A. M., Huvermann, D. M., Schneider, S., Bellebaum, C., Timmann, D., Minnerop, M.,
& Peterburs, J. (2024). The Role of the Human Cerebellum for Learning from and
Processing of External Feedback in Non-Motor Learning: A Systematic Review.
Cerebellum. Advance online publication. https://doi.org/10.1007/s12311-024-01669-y

Berman, K. F., Ostrem, J. L., Randolph, C., Gold, J., Goldberg, T. E., Coppola, R.,
Carson, R. E., Herscovitch, P., & Weinberger, D. R. (1995). Physiological activation of
a cortical network during performance of the Wisconsin Card Sorting Test: A positron
emission tomography study. Neuropsychologia, 33(8), 1027-1046.
https://doi.org/10.1016/0028-3932(95)00035-2

Bestmann, S., & Krakauer, J. W. (2015). The uses and interpretations of the motor-evoked
potential for understanding behaviour. Experimental Brain Research, 233(3), 679-689.
https://doi.org/10.1007/s00221-014-4183-7

Bischoff-Grethe, A., Hazeltine, E., Bergren, L., Ivry, R. B., & Grafton, S. T. (2009). The
influence of feedback valence in associative learning. Neurolmage, 44(1), 243-251.
https://doi.org/10.1016/j.neuroimage.2008.08.038

Bismark, A. W., Hajcak, G., Whitworth, N. M., & Allen, J. J. B. (2013). The role of outcome
expectations in the generation of the feedback-related negativity. Psychophysiology,
50(2), 125-133. https://doi.org/10.1111/j.1469-8986.2012.01490.x

66



References

Bjork, J. M., & Hommer, D. W. (2007). Anticipating instrumentally obtained and passively-
received rewards: A factorial fMRI investigation. Behavioural Brain Research, 177(1),
165-170. https://doi.org/10.1016/j.bbr.2006.10.034

Blakemore, S. J., Goodbody, S. J., & Wolpert, D. M. (1998). Predicting the consequences of our
own actions: The role of sensorimotor context estimation. 7he Journal of Neuroscience,
18(18), 7511-7518. https://doi.org/10.1523/INEUROSCI.18-18-07511.1998

Blakemore, S. J., Wolpert, D. M., & Frith, C. D. (1998). Central cancellation of self-produced
tickle sensation. Nature Neuroscience, 1(7), 635—640. https://doi.org/10.1038/2870

Blasi, G., Goldberg, T. E., Weickert, T., Das, S., Kohn, P., Zoltick, B., Bertolino, A.,

Callicott, J. H., Weinberger, D. R., & Mattay, V. S. (2006). Brain regions underlying
response inhibition and interference monitoring and suppression. The European Journal
of Neuroscience, 23(6), 1658—1664. https://doi.org/10.1111/j.1460-9568.2006.04680.x

Bohne, P., Schwarz, M. K., Herlitze, S., & Mark, M. D. (2019). A New Projection From the
Deep Cerebellar Nuclei to the Hippocampus via the Ventrolateral and Laterodorsal
Thalamus in Mice. Frontiers in Neural Circuits, 13(51), 1-19.
https://doi.org/10.3389/fncir.2019.00051

Bolcekova, E., Mojzes, M., van Tran, Q., Kukal, J., Ostry, S., Kulistak, P., & Rusina, R. (2017).
Cognitive impairment in cerebellar lesions: A logit model based on neuropsychological
testing. Cerebellum & Ataxias, 4(13), 1-11. https://doi.org/10.1186/s40673-017-0071-9

Borries, A. K. L. von, Verkes, R. J., Bulten, B. H., Cools, R., & Bruijn, E. R. A. de (2013).
Feedback-related negativity codes outcome valence, but not outcome expectancy,
during reversal learning. Cognitive, Affective & Behavioral Neuroscience, 13(4), 737—
746. https://doi.org/10.3758/s13415-013-0150-1

Bostan, A. C., & Strick, P. L. (2018). The basal ganglia and the cerebellum: Nodes in an
integrated network. Nature Reviews Neuroscience, 19(6), 338-350.
https://doi.org/10.1038/s41583-018-0002-7

Botvinick, M. M., Braver, T. S., Barch, D. M., Carter, C. S., & Cohen, J. D. (2001). Conflict
monitoring and cognitive control. Psychological Review, 108(3), 624—652.
https://doi.org/10.1037/0033-295x.108.3.624

Botvinick, M. M., Cohen, J. D., & Carter, C. S. (2004). Conflict monitoring and anterior
cingulate cortex: An update. Trends in Cognitive Sciences, 8(12), 539-546.
https://doi.org/10.1016/j.tics.2004.10.003

Bower, J. M. (2015). The 40-year history of modeling active dendrites in cerebellar Purkinje
cells: Emergence of the first single cell "community model". Frontiers in

Computational Neuroscience, 9, 129. https://doi.org/10.3389/fncom.2015.00129

67



References

Braitenberg, V., Heck, D., & Sultan, F. (1997). The detection and generation of sequences as a
key to cerebellar function: Experiments and theory. Behavioral and Brain Sciences,
20(2), 229-2717. https://doi.org/10.1017/S0140525X9700143X

Breska, A., & Ivry, R. B. (2016). Taxonomies of Timing: Where Does the Cerebellum Fit In?
Current Opinion in Behavioral Sciences, 8, 282—288.
https://doi.org/10.1016/j.cobeha.2016.02.034

Bromberg-Martin, E. S., Matsumoto, M., & Hikosaka, O. (2010). Dopamine in Motivational
Control: Rewarding, Aversive, and Alerting. Neuron, 68(5), 815-834.
https://doi.org/10.1016/j.neuron.2010.11.022

Brooks, J. X., & Cullen, K. E. (2009). Multimodal Integration in Rostral Fastigial Nucleus
Provides an Estimate of Body Movement. The Journal of Neuroscience, 29(34), 10499—
10511. https://doi.org/10.1523/INEUROSCI.1937-09.2009

Buckner, R. L. (2013). The cerebellum and cognitive function: 25 years of insight from
anatomy and neuroimaging. Neuron, 80(3), 807-815.
https://doi.org/10.1016/j.neuron.2013.10.044

Buckner, R. L., Krienen, F. M., Castellanos, A., Diaz, J. C., & Yeo, B. T. T. (2011). The
organization of the human cerebellum estimated by intrinsic functional connectivity.
Journal of Neurophysiology, 106(5), 2322-2345. https://doi.org/10.1152/jn.00339.2011

Burnside, R., Fischer, A. G., & Ullsperger, M. (2019). The feedback-related negativity indexes
prediction error in active but not observational learning. Psychophysiology, 56(9),
e13389. https://doi.org/10.1111/psyp.13389

Bush, G., Luu, P., & Posner, M. 1. (2000). Cognitive and emotional influences in anterior
cingulate cortex. Trends in Cognitive Sciences, 4(6), 215-222.
https://doi.org/10.1016/S1364-6613(00)01483-2

Cabaraux, P., Agrawal, S. K., Cai, H., Calabro, R. S., Casali, C., Damm, L., Doss, S., Habas, C.,
Horn, A. K. E., llg, W., Louis, E. D., Mitoma, H., Monaco, V., Petracca, M.,
Ranavolo, A., Rao, A. K., Ruggieri, S., Schirinzi, T., Serrao, M., . . . Manto, M. (2023).
Consensus Paper: Ataxic Gait. Cerebellum, 22(3), 394—430.
https://doi.org/10.1007/s12311-022-01373-9

Cacciola, A., Milardi, D., Basile, G. A., Bertino, S., Calamuneri, A., Chillemi, G., Paladina, G.,
Impellizzeri, F., Trimarchi, F., Anastasi, G., Bramanti, A., & Rizzo, G. (2019). The
cortico-rubral and cerebello-rubral pathways are topographically organized within the
human red nucleus. Scientific Reports, 9(1), 1-12. https://doi.org/10.1038/s41598-019-
48164-7

Cai, W., George, J. S., Chambers, C. D., Stokes, M. G., Verbruggen, F., & Aron, A. R. (2012).

Stimulating deep cortical structures with the batwing coil: How to determine the
68



References

intensity for transcranial magnetic stimulation using coil-cortex distance. Journal of
Neuroscience Methods, 204(2), 238-241.
https://doi.org/10.1016/j.jneumeth.2011.11.020

Can, M. K., Laakso, 1., Nieminen, J. O., Murakami, T., & Ugawa, Y. (2018). Coil model
comparison for cerebellar transcranial magnetic stimulation. Biomedical Physics &
Engineering Express, 5(1), 15020. https://doi.org/10.1088/2057-1976/aaee5b

Carter, C. S., Braver, T. S., Barch, D. M., Botvinick, M. M., Noll, D., & Cohen, J. D. (1998).
Anterior cingulate cortex, error detection, and the online monitoring of performance.
Science, 280(5364), 747-749. https://doi.org/10.1126/science.280.5364.747

Carter, C. S., & van Veen, V. (2007). Anterior cingulate cortex and conflict detection: An
update of theory and data. Cognitive, Affective & Behavioral Neuroscience, 7(4), 367—
379. https://doi.org/10.3758/CABN.7.4.367

Cattarinussi, G., Di Giorgio, A., & Sambataro, F. (2024). Cerebellar dysconnectivity in
schizophrenia and bipolar disorder is associated with cognitive and clinical variables.
Schizophrenia Research, 267, 497-506. https://doi.org/10.1016/j.schres.2024.03.039

Caulfield, K. A., Fleischmann, H. H., Cox, C. E., Wolf, J. P., George, M. S., &
McTeague, L. M. (2022). Neuronavigation maximizes accuracy and precision in TMS
positioning: Evidence from 11,230 distance, angle, and electric field modeling
measurements. Brain Stimulation, 15(5), 1192—-1205.
https://doi.org/10.1016/j.brs.2022.08.013

Chabrol, F. P., Blot, A., & Mrsic-Flogel, T. D. (2019). Cerebellar contribution to preparatory
activity in motor neocortex. Neuron, 103, 506-519. https://doi.org/10.1101/335703

Chase, H. W., Swainson, R., Durham, L., Benham, L., & Cools, R. (2011). Feedback-related
negativity codes prediction error but not behavioral adjustment during probabilistic
reversal learning. Journal of Cognitive Neuroscience, 23(4), 936-946.
https://doi.org/10.1162/jocn.2010.21456

Chirino-Pérez, A., Marrufo-Meléndez, O. R., Muioz-Lopez, J. 1., Hernandez-Castillo, C. R.,
Ramirez-Garcia, G., Diaz, R., Nufiez-Orozco, L., & Fernandez-Ruiz, J. (2022).
Mapping the Cerebellar Cognitive Affective Syndrome in Patients with Chronic
Cerebellar Strokes. Cerebellum, 21(2), 208-218. https://doi.org/10.1007/s12311-021-
01290-3

Clausi, S., Olivito, G., Lupo, M., Siciliano, L., Bozzali, M., & Leggio, M. (2019). The
Cerebellar Predictions for Social Interactions: Theory of Mind Abilities in Patients With
Degenerative Cerebellar Atrophy. Frontiers in Cellular Neuroscience, 12(510), 1-16.
https://doi.org/10.3389/fncel.2018.00510

69



References

Cohen, M. X. (2007). Individual differences and the neural representations of reward
expectation and reward prediction error. Social Cognitive and Affective Neuroscience,
2(1), 20-30. https://doi.org/10.1093/scan/nsl1021

Cohen, M. X., Elger, C. E., & Ranganath, C. (2007). Reward expectation modulates feedback-
related negativity and EEG spectra. Neurolmage, 35(2), 968-978.
https://doi.org/10.1016/j.neuroimage.2006.11.056

Consalez, G. G., Goldowitz, D., Casoni, F., & Hawkes, R. (2021). Origins, Development, and
Compartmentation of the Granule Cells of the Cerebellum. Frontiers in Neural Circuits,
14, Article 611841, 611841. https://doi.org/10.3389/fncir.2020.611841

Cook, R. D. (1977). Detection of Influential Observation in Linear Regression. Technometrics,
19(1), 15-18. https://doi.org/10.1080/00401706.1977.10489493

Corlett, P. R., Mollick, J. A., & Kober, H. (2022). Meta-analysis of human prediction error for
incentives, perception, cognition, and action. Neuropsychopharmacology, 47(7), 1339—
1349. https://doi.org/10.1038/s41386-021-01264-3

Costa, V. D., Dal Monte, O., Lucas, D. R., Murray, E. A., & Averbeck, B. B. (2016). Amygdala
and Ventral Striatum Make Distinct Contributions to Reinforcement Learning. Neuron,
92(2), 505-517. https://doi.org/10.1016/j.neuron.2016.09.025

Coull, J. T., Cheng, R.-K., & Meck, W. H. (2011). Neuroanatomical and neurochemical
substrates of timing. Neuropsychopharmacology, 36(1), 3-25.
https://doi.org/10.1038/npp.2010.113

Currie, S., Hadjivassiliou, M., Craven, l. J., Wilkinson, 1. D., Griffiths, P. D., & Hoggard, N.
(2013). Magnetic resonance imaging biomarkers in patients with progressive ataxia:
Current status and future direction. Cerebellum, 12(2), 245-266.
https://doi.org/10.1007/s12311-012-0405-3

Danielmeier, C., Wessel, J. R., Steinhauser, M., & Ullsperger, M. (2009). Modulation of the
error-related negativity by response conflict. Psychophysiology, 46(6), 1288—1298.
https://doi.org/10.1111/j.1469-8986.2009.00860.x

Datar, S., & Rabinstein, A. A. (2014). Cerebellar infarction. Neurologic Clinics, 32(4), 979—
991. https://doi.org/10.1016/j.ncl.2014.07.007

Daum, I., Ackermann, H., Schugens, M. M., Reimold, C., Dichgans, J., & Birbaumer, N.
(1993). The Cerebellum and Cognitive Functions in Humans. Behavioral Neuroscience,
107(3), 411-419. https://doi.org/10.1037/0735-7044.107.3.411

Daum, I., Schugens, M. M., Ackermann, H., Lutzenberger, W., Dichgans, J., & Birbaumer, N.
(1993). Classical Conditioning After Cerebellar Lesions in Humans. Behavioral

Neuroscience, 107(5), 748-756. https://doi.org/10.1037/0735-7044.107.5.748

70



References

Davie, J. T., Clark, B. A., & Hausser, M. (2008). The origin of the complex spike in cerebellar
Purkinje cells. The Journal of Neuroscience, 28(30), 7599-76009.
https://doi.org/10.1523/INEUROSCI.0559-08.2008

De Zeeuw, C. (2021). Bidirectional learning in upbound and downbound microzones of the
cerebellum. Nature Reviews Neuroscience, 22(2), 92—110.
https://doi.org/10.1038/s41583-020-00392-x

De Zeeuw, C., & Brinke, M. M. ten (2015). Motor Learning and the Cerebellum. Cold Spring
Harbor Perspectives in Biology, 7(9), 1-20.
https://doi.org/10.1101/cshperspect.a021683

Dehaene, S., Posner, M. 1., & Tucker, D. M. (1994). Localization of a Neural System for Error
Detection and Compensation. Psychological Science, 5(5), 303-305.
https://doi.org/10.1111/j.1467-9280.1994.tb00630.x

Dejanovi¢, M., Iveti¢, V., Nestorovi¢, V., Eri¢, M., Stanojevi¢, Z., & Lestarevié, S. (2015). The
role of P300 event-related potentials in the cognitive recovery after the stroke. Acta
Neurologica Belgica, 115(4), 589-595. https://doi.org/10.1007/s13760-015-0428-x

Delgado, M. R. (2007). Reward-related responses in the human striatum. Annals of the New
York Academy of Sciences, 1104(1), 70-88. https://doi.org/10.1196/annals.1390.002

Delgado, M. R., Miller, M. M., Inati, S., & Phelps, E. A. (2005). An fMRI study of reward-
related probability learning. Neurolmage, 24(3), 862—873.
https://doi.org/10.1016/j.neuroimage.2004.10.002

Delgado, M. R., Nystrom, L. E., Fissell, C., Noll, D. C., & Fiez, J. A. (2000). Tracking the
hemodynamic responses to reward and punishment in the striatum. Journal of
Neurophysiology, 84(6), 3072-3077. https://doi.org/10.1152/jn.2000.84.6.3072

Desmond, J. E., Chen, S. H. A., & Shieh, P. B. (2005). Cerebellar transcranial magnetic
stimulation impairs verbal working memory. Annals of Neurology, 58(4), 553-560.
https://doi.org/10.1002/ana.20604

Desmond, J. E., & Fiez, J. A. (1998). Neuroimaging studies of the cerebellum: Language,
learning and memory. Trends in Cognitive Sciences, 2(9), 355-362.
https://doi.org/10.1016/s1364-6613(98)01211-x

Desmond, J. E., Gabrieli, J. D. E., Wagner, A. D., Ginier, B. L., & Glover, G. H. (1997).
Lobular Patterns of Cerebellar Activation in Verbal Working-Memory and Finger
Tapping Tasks as Revealed by Functional MRI. The Journal of Neuroscience, 17(24),
9675-9685. https://doi.org/10.1523/INEUROSCI

Devinsky, O., Morrell, M. J., & Vogt, B. A. (1995). Contributions of anterior cingulate cortex to
behaviour. Brain, 118(1), 279-306. https://doi.org/10.1093/brain/118.1.279

71



References

Di Pellegrino, G., Ciaramelli, E., & Ladavas, E. (2007). The regulation of cognitive control
following rostral anterior cingulate cortex lesion in humans. Journal of Cognitive
Neuroscience, 19(2), 275-286. https://doi.org/10.1162/jocn.2007.19.2.275

Diallo, A., Jacobi, H., Tezenas du Montcel, S., & Klockgether, T. (2021). Natural history of
most common spinocerebellar ataxia: A systematic review and meta-analysis. Journal
of Neurology, 268(8), 2749-2756. https://doi.org/10.1007/s00415-020-09815-2

Diedrichsen, J. (2006). A spatially unbiased atlas template of the human cerebellum.
Neurolmage, 33(1), 127-138. https://doi.org/10.1016/j.neuroimage.2006.05.056

Diedrichsen, J., Balsters, J. H., Flavell, J., Cussans, E., & Ramnani, N. (2009). A probabilistic
MR atlas of the human cerebellum. Neurolmage, 46(1), 39—46.
https://doi.org/10.1016/j.neuroimage.2009.01.045

Diedrichsen, J., King, M., Hernandez-Castillo, C., Sereno, M., & Ivry, R. B. (2019). Universal
Transform or Multiple Functionality? Understanding the Contribution of the Human
Cerebellum across Task Domains. Neuron, 102(5), 918-928.
https://doi.org/10.1016/j.neuron.2019.04.021

Diedrichsen, J., & Zotow, E. (2015). Surface-Based Display of Volume-Averaged Cerebellar
Imaging Data. PloS One, 10(7), 1-18. https://doi.org/10.1371/journal.pone.0133402

Dirnberger, G., Novak, J., Nasel, C., & Zehnter, M. (2010). Separating coordinative and
executive dysfunction in cerebellar patients during motor skill acquisition.
Neuropsychologia, 48(5), 1200—1208.
https://doi.org/10.1016/j.neuropsychologia.2009.12.016

Donchin, E., & Coles, M. G. H. (1988). Is the P300 component a manifestation of context
updating? Behavioral and Brain Sciences, 11(3), 355-425.
https://doi.org/10.1017/s0140525x00058027

Drepper, J., Timmann, D., Kolb, F. P., & Diener, H. C. (1999). Non-motor associative learning
in patients with isolated degenerative cerebellar disease. Brain, 122 (Pt 1)(1), 87-97.
https://doi.org/10.1093/brain/122.1.87

Drevets, W. C., Savitz, J., & Trimble, M. (2008). The subgenual anterior cingulate cortex in
mood disorders. CNS Spectrums, 13(8), 663—681.
https://doi.org/10.1017/s1092852900013754

Duecker, F., & Sack, A. T. (2015). Rethinking the role of sham TMS. Frontiers in Psychology,
6(210), 1-5. https://doi.org/10.3389/fpsyg.2015.00210

Dum, R. P., & Strick, P. L. (2003). An unfolded map of the cerebellar dentate nucleus and its
projections to the cerebral cortex. Journal of Neurophysiology, §9(1), 634—639.
https://doi.org/10.1152/jn.00626.2002

Eccles, J. C. (1967). The Cerebellum As a Neuronal Machine. Springer Berlin / Heidelberg.
72



References

Edde, M., Di Scala, G., Dupuy, M., Dilharreguy, B., Catheline, G., & Chanraud, S. (2020).
Learning-driven cerebellar intrinsic functional connectivity changes in men. Journal of
Neuroscience Research, 98(4), 668—679. https://doi.org/10.1002/jnr.24555

Egner, T., & Hirsch, J. (2005). The neural correlates and functional integration of cognitive
control in a Stroop task. Neurolmage, 24(2), 539-547.
https://doi.org/10.1016/j.neuroimage.2004.09.007

Endrass, T., Reuter, B., & Kathmann, N. (2007). Erp correlates of conscious error recognition:
Aware and unaware errors in an antisaccade task. European Journal of Neuroscience,
26(6), 1714-1720. https://doi.org/10.1111/j.1460-9568.2007.05785.x

Eppinger, B., Kray, J., Mock, B., & Mecklinger, A. (2008). Better or worse than expected?
Aging, learning, and the ERN. Neuropsychologia, 46(2), 521-539.
https://doi.org/10.1016/j.neuropsychologia.2007.09.001

Ernst, T. M., Brol, A. E., Gratz, M., Ritter, C., Bingel, U., Schlamann, M., Maderwald, S.,
Quick, H. H., Merz, C. J., & Timmann, D. (2019). The cerebellum is involved in
processing of predictions and prediction errors in a fear conditioning paradigm. ELife,
8(e46831), 1-26. https://doi.org/10.7554/eLife.46831

Eshel, N., Bukwich, M., Rao, V., Hemmelder, V., Tian, J., & Uchida, N. (2015). Arithmetic and
local circuitry underlying dopamine prediction errors. Nature, 525(7568), 243-246.
https://doi.org/10.1038/nature 14855

Esser, S. K., Huber, R., Massimini, M., Peterson, M. J., Ferrarelli, F., & Tononi, G. (2006). A
direct demonstration of cortical LTP in humans: A combined TMS/EEG study. Brain
Research Bulletin, 69(1), 86—94. https://doi.org/10.1016/j.brainresbull.2005.11.003

Falkenstein, M., Hohnsbein, J., & Hoormann, J. (1995). Event-related potential correlates of
errors in reaction tasks. Electroencephalography and Clinical Neurophysiology.
Supplement, 44, 287-296.

Falkenstein, M., Hohnsbein, J., Hoormann, J., & Blanke, L. (1991). Effects of crossmodal
divided attention on late ERP components. Ii. Error processing in choice reaction tasks.
Electroencephalography and Clinical Neurophysiology, 78(6), 447—455.
https://doi.org/10.1016/0013-4694(91)90062-9

Falkenstein, M., Hoormann, J., Christ, S., & Hohnsbein, J. (2000). Erp components on reaction
errors and their functional significance: A tutorial. Biological Psychology, 51(2-3), 87—
107. https://doi.org/10.1016/s0301-0511(99)00031-9

Fanciulli, A., & Wenning, G. K. (2015). Multiple-system atrophy. The New England Journal of
Medicine, 372(3), 249-263. https://doi.org/10.1056/NEJMral311488

73



References

Fatemi, S. H., Halt, A. R., Realmuto, G., Earle, J., Kist, D. A., Thuras, P., & Merz, A. (2002).
Purkinje cell size is reduced in cerebellum of patients with autism. Cellular and
Molecular Neurobiology, 22(2), 171-175. https://doi.org/10.1023/A:1019861721160

Ferdinand, N. K., Mecklinger, A., & Kray, J. (2008). Error and deviance processing in implicit
and explicit sequence learning. Journal of Cognitive Neuroscience, 20(4), 629—642.
https://doi.org/10.1162/jocn.2008.20046

Fiez, J. A., Petersen, S. E., Cheney, M. K., & Raichle, M. E. (1992). Impaired non-motor
learning and error detection associated with cerebellar damage. A single case study.
Brain, 115(1), 155-178. https://doi.org/10.1093/brain/115.1.155

Fleiss, J. L., & Cohen, J. (1973). The Equivalence of Weighted Kappa and the Intraclass
Correlation Coefficient as Measures of Reliability. Education and Psychological
Measurement, 33, 613-619.

Floresco, S. B. (2015). The nucleus accumbens: An interface between cognition, emotion, and
action. Annual Review of Psychology, 66, 25-52. https://doi.org/10.1146/annurev-
psych-010213-115159

Flourens, P. (1842). Recherches expérimentales sur les propriétés et les fonctions du systeme
nerveux dans les animaux vertébrés. J.-B. Bailliere.

Fodéra, M. (1823). Recherches expérimentales sur le systéme nerveux. J Physiol Exp Pathol(3),
191-217.

Foerde, K., & Shohamy, D. (2011). Feedback timing modulates brain systems for learning in
humans. The Journal of Neuroscience, 31(37), 13157-13167.
https://doi.org/10.1523/INEUROSCI.2701-11.2011

Folstein, J. R., & van Petten, C. (2008). Influence of cognitive control and mismatch on the N2
component of the ERP: A review. Psychophysiology, 45(1), 152—170.
https://doi.org/10.1111/j.1469-8986.2007.00602.x

Foti, D., Weinberg, A., Bernat, E. M., & Proudfit, G. H. (2015). Anterior cingulate activity to
monetary loss and basal ganglia activity to monetary gain uniquely contribute to the
feedback negativity. Clinical Neurophysiology, 126(7), 1338—1347.
https://doi.org/10.1016/j.clinph.2014.08.025

Foti, D., Weinberg, A., Dien, J., & Hajcak, G. (2011). Event-related potential activity in the
basal ganglia differentiates rewards from nonrewards: Temporospatial principal
components analysis and source localization of the feedback negativity. Human Brain
Mapping, 32(12), 2207-2216. https://doi.org/10.1002/hbm.21182

Frank, M. J., Woroch, B. S., & Curran, T. (2005). Error-related negativity predicts
reinforcement learning and conflict biases. Neuron, 47(4), 495-501.

https://doi.org/10.1016/j.neuron.2005.06.020
74



References

Gablentz, J. von der, Tempelmann, C., Miinte, T. F., & Heldmann, M. (2015). Performance
monitoring and behavioral adaptation during task switching: An fMRI study.
Neuroscience, 285, 227-235. https://doi.org/10.1016/j.neuroscience.2014.11.024

Gaser, C., Dahnke, R., Thompson, P. M., Kurth, F., & Luders, E. (2022). Cat — A
Computational Anatomy Toolbox for the Analysis of Structural MRI Data. BioRxiv, 1-
38. https://doi.org/10.1101/2022.06.11.495736

Gatti, D., Rinaldi, L., Cristea, 1., & Vecchi, T. (2021). Probing cerebellar involvement in
cognition through a meta-analysis of TMS evidence. Scientific Reports, 11(1), 14777.
https://doi.org/10.1038/s41598-021-94051-5

Gehring, W. J., Goss, B., Coles, M. G. H., Meyer, D. E., & Donchin, E. (1993). A Neural
System for Error Detection and Compensation. Psychological Science, 4(6), 385-390.
https://doi.org/10.1111/j.1467-9280.1993.tb00586.x

Gehring, W. J., Goss, B., Coles, M. G. H., Meyer, D. E., & Donchin, E. (2018). The Error-
Related Negativity. Perspectives on Psychological Science, 13(2), 200-204.
https://doi.org/10.1177/1745691617715310

Gehring, W. J., & Willoughby, A. R. (2002). The medial frontal cortex and the rapid processing
of monetary gains and losses. Science, 295(5563), 2279-2282.
https://doi.org/10.1126/science.1066893

Gerwig, M., Kolb, F. P., & Timmann, D. (2007). The involvement of the human cerebellum in
eyeblink conditioning. Cerebellum, 6(1), 38-57.
https://doi.org/10.1080/14734220701225904

Gorgolewski, K. J., Auer, T., Calhoun, V. D., Craddock, R. C., Das, S., Duff, E. P., Flandin, G.,
Ghosh, S. S., Glatard, T., Halchenko, Y. O., Handwerker, D. A., Hanke, M., Keator, D.,
Li, X., Michael, Z., Maumet, C., Nichols, B. N., Nichols, T. E., Pellman, J, . . .
Poldrack, R. A. (2016). The brain imaging data structure, a format for organizing and
describing outputs of neuroimaging experiments. Scientific Data, 3(160044), 1-9.
https://doi.org/10.1038/sdata.2016.44

Gorgolewski, K. J., Varoquaux, G., Rivera, G., Schwarz, Y., Ghosh, S. S., Maumet, C.,
Sochat, V. V., Nichols, T. E., Poldrack, R. A., Poline, J.-B., Yarkoni, T., &

Margulies, D. S. (2015). Neurovault.Org: A web-based repository for collecting and
sharing unthresholded statistical maps of the human brain. Frontiers in
Neuroinformatics, 9(8), 1-9. https://doi.org/10.3389/tninf.2015.00008

Gottfried, J. A., O'Doherty, J., & Dolan, R. J. (2003). Encoding predictive reward value in
human amygdala and orbitofrontal cortex. Science, 301(5636), 1104—-1107.
https://doi.org/10.1126/science.1087919

75



References

Gottwald, B., Wilde, B., Mihajlovic, Z., & Mehdorn, H. M. (2004). Evidence for distinct
cognitive deficits after focal cerebellar lesions. Journal of Neurology, Neurosurgery &
Psychiatry, 75(11), 1524-1531. https://doi.org/10.1136/jnnp.2003.018093

Grafman, J., Litvan, 1., Massaquoi, S., Stewart, M., Sirigu, A., & Hallett, M. (1992). Cognitive
planning deficit in patients with cerebellar atrophy. Neurology, 42(8), 1493-1496.
https://doi.org/10.1212/wnl.42.8.1493

Greening, S. G., Finger, E. C., & Mitchell, D. G. V. (2011). Parsing decision making processes
in prefrontal cortex: Response inhibition, overcoming learned avoidance, and reversal
learning. Neurolmage, 54(2), 1432—1441.
https://doi.org/10.1016/j.neuroimage.2010.09.017

Grefkes, C., & Fink, G. R. (2011). Reorganization of cerebral networks after stroke: New
insights from neuroimaging with connectivity approaches. Brain, 134(5), 1264—1276.
https://doi.org/10.1093/brain/awr033

Grimaldi, G., Argyropoulos, G. P. D., Boehringer, A., Celnik, P., Edwards, M. J., Ferrucci, R.,
Galea, J. M., Groiss, S. J., Hiraoka, K., Kassavetis, P., Lesage, E., Manto, M.,

Miall, R. C., Priori, A., Sadnicka, A., Ugawa, Y., & Ziemann, U. (2014). Non-invasive
cerebellar stimulation--a consensus paper. Cerebellum, 13(1), 121-138.
https://doi.org/10.1007/s12311-013-0514-7

Groiss, S. J., & Ugawa, Y. (2012). Cerebellar stimulation in ataxia. Cerebellum, 11(2), 440—
442. https://doi.org/10.1007/s12311-011-0329-3

Guell, X., Gabrieli, J. D., & Schmahmann, J. D. (2018). Embodied cognition and the
cerebellum: Perspectives from the Dysmetria of Thought and the Universal Cerebellar
Transform theories. Cortex, 100, 140-148. https://doi.org/10.1016/j.cortex.2017.07.005

Gutierrez-Castellanos, N., Da Silva-Matos, C. M., Zhou, K., Canto, C. B., Renner, M. C.,
Koene, L. M. C., Ozyildirim, O., Sprengel, R., Kessels, H. W., & De Zeeuw, C. (2017).
Motor Learning Requires Purkinje Cell Synaptic Potentiation through Activation of
AMPA-Receptor Subunit GluA3. Neuron, 93(2), 409—424.
https://doi.org/10.1016/j.neuron.2016.11.046

Gutzmann, H., & Kiihl, K. P. (1987). Emotion control and cerebellar atrophy in senile dementia.
Archives of Gerontology and Geriatrics, 6(1), 61-71. https://doi.org/10.1016/0167-
4943(87)90039-2

Habas, C. (2010). Functional Imaging of the Deep Cerebellar Nuclei: A Review. Cerebellum,
9(1), 22-28. https://doi.org/10.1007/s12311-009-0119-3

Hajcak, G., & Foti, D. (2008). Errors are aversive: Defensive motivation and the error-related
negativity. Psychological Science, 19(2), 103—108. https://doi.org/10.1111/1.1467-
9280.2008.02053.x

76



References

Hajcak, G., Holroyd, C. B., Moser, J. S., & Simons, R. F. (2005). Brain potentials associated
with expected and unexpected good and bad outcomes. Psychophysiology, 42(2), 161—
170. https://doi.org/10.1111/1.1469-8986.2005.00278.x

Hajcak, G., Moser, J. S., Holroyd, C. B., & Simons, R. F. (2006). The feedback-related
negativity reflects the binary evaluation of good versus bad outcomes. Biological
Psychology, 71(2), 148—154. https://doi.org/10.1016/j.biopsycho.2005.04.001

Hajcak, G., Moser, J. S., Holroyd, C. B., & Simons, R. F. (2007). It's worse than you thought:
The feedback negativity and violations of reward prediction in gambling tasks.
Psychophysiology, 44(6), 905-912. https://doi.org/10.1111/1.1469-8986.2007.00567.x

Hajcak, G., Moser, J. S., Yeung, N., & Simons, R. F. (2005). On the ERN and the significance
of errors. Psychophysiology, 42(2), 151-160. https://doi.org/10.1111/j.1469-
8986.2005.00270.x

Hamilton, A., & Grafton, S. T. (2006). Goal representation in human anterior intraparietal
sulcus. The Journal of Neuroscience, 26(4), 1133—1137.
https://doi.org/10.1523/INEUROSCI.4551-05.2006

Hardwick, R. M., Lesage, E., & Miall, R. C. (2014). Cerebellar transcranial magnetic
stimulation: The role of coil geometry and tissue depth. Brain Stimulation, 7(5), 643—
649. https://doi.org/10.1016/j.brs.2014.04.009

Hauser, T. U., lannaccone, R., Stimpfli, P., Drechsler, R., Brandeis, D., Walitza, S., & Brem, S.
(2014). The feedback-related negativity (FRN) revisited: New insights into the
localization, meaning and network organization. Neurolmage, 84, 159—168.
https://doi.org/10.1016/j.neuroimage.2013.08.028

Hausser, M., & Clark, B. A. (1997). Tonic synaptic inhibition modulates neuronal output
pattern and spatiotemporal synaptic integration. Neuron, 19(3), 665—678.
https://doi.org/10.1016/s0896-6273(00)80379-7

Hayden, B. Y., Heilbronner, S. R., Pearson, J. M., & Platt, M. L. (2011). Surprise signals in
anterior cingulate cortex: Neuronal encoding of unsigned reward prediction errors
driving adjustment in behavior. The Journal of Neuroscience, 31(11), 4178—4187.
https://doi.org/10.1523/INEUROSCI.4652-10.2011

Heleven, E., van Dun, K., & van Overwalle, F. (2019). The posterior Cerebellum is involved in
constructing Social Action Sequences: An fMRI Study. Scientific Reports, 9(11110), 1—
11. https://doi.org/10.1038/s41598-019-46962-7

Herbert, M., Eppinger, B., & Kray, J. (2011). Younger but Not Older Adults Benefit from
Salient Feedback during Learning. Frontiers in Psychology, 2, 171.
https://doi.org/10.3389/fpsyg.2011.00171

77



References

Herculano-Houzel, S. (2009). The human brain in numbers: A linearly scaled-up primate brain.
Frontiers in Human Neuroscience, 3, 31. https://doi.org/10.3389/neuro.09.031.2009

Herculano-Houzel, S. (2010). Coordinated scaling of cortical and cerebellar numbers of
neurons. Frontiers in Neuroanatomy, 4, 12. https://doi.org/10.3389/thana.2010.00012

Hernandez-Pavon, J. C., Sarvas, J., & Ilmoniemi, R. J. (2014). TMS-EEG: From basic research
to clinical applications. AIP Conference Proceedings 1626(15), 15-21.
https://doi.org/10.1063/1.4901355

Hernandez-Pavon, J. C., Veniero, D., Bergmann, T. O., Belardinelli, P., Bortoletto, M.,
Casarotto, S., Casula, E. P., Farzan, F., Fecchio, M., Julkunen, P., Kallioniemi, E.,
Lioumis, P., Metsomaa, J., Miniussi, C., Mutanen, T. P., Rocchi, L., Rogasch, N. C.,
Shafi, M. M., Siebner, H. R., . . . llmoniemi, R. J. (2023). TMS combined with EEG:
Recommendations and open issues for data collection and analysis. Brain Stimulation,
16(2), 567-593. https://doi.org/10.1016/j.brs.2023.02.009

Herrmann, M. J., Rommler, J., Ehlis, A.-C., Heidrich, A., & Fallgatter, A. J. (2004). Source
localization (LORETA) of the error-related-negativity (ERN/Ne) and positivity (Pe).
Brain Research. Cognitive Brain Research, 20(2), 294-299.
https://doi.org/10.1016/j.cogbrainres.2004.02.013

Herwig, U., Satrapi, P., & Schonfeldt-Lecuona, C. (2003). Using the international 10-20 EEG
system for positioning of transcranial magnetic stimulation. Brain Topography, 16(2),
95-99. https://doi.org/10.1023/B:BRAT.0000006333.93597.9d

Hoche, F., Guell, X., Vangel, M. G., Sherman, J. C., & Schmahmann, J. D. (2018). The
cerebellar cognitive affective/Schmahmann syndrome scale. Brain, 141(1), 248-270.
https://doi.org/10.1093/brain/awx317

Hochman, E. Y., Eviatar, Z., Breznitz, Z., Nevat, M., & Shaul, S. (2009). Source localization of
error negativity: Additional source for corrected errors. NeuroReport, 20(13), 1144—
1148. https://doi.org/10.1097/WNR.0b013e32832f84ed

Hollerman, J. R., & Schultz, W. (1998). Dopamine neurons report an error in the temporal
prediction of reward during learning. Nature Neuroscience, 1(4), 304-309.
https://doi.org/10.1038/1124

Holroyd, C. B., & Coles, M. G. H. (2002). The Neural Basis of Human Error Processing:
Reinforcement Learning, Dopamine, and the Error-Related Negativity. Psychological
Review, 109(4), 679-709. https://doi.org/10.1037/0033-295X.109.4.679

Hoy, C. W., Steiner, S. C., & Knight, R. T. (2021). Single-trial modeling separates multiple
overlapping prediction errors during reward processing in human EEG.

Communications Biology, 4(910), 1-17. https://doi.org/10.1038/s42003-021-02426-1

78



References

Huggins, A. A., Baird, C. L., Briggs, M., Laskowitz, S., Hussain, A., Fouda, S., Haswell, C.,
Sun, D., Salminen, L. E., Jahanshad, N., Thomopoulos, S. I., Veltman, D. J.,
Frijling, J. L., OIff, M., van Zuiden, M., Koch, S. B. J., Nawjin, L., Wang, L.,
Zhu, Y., ...Morey, R. (2024). Smaller total and subregional cerebellar volumes in
posttraumatic stress disorder: A mega-analysis by the ENIGMA-PGC PTSD
workgroup. Molecular Psychiatry, 1-13. https://doi.org/10.1038/s41380-023-02352-0

ladecola, C., & Anrather, J. (2011). Stroke research at a crossroad: Asking the brain for
directions. Nature Neuroscience, 14(11), 1363—1368. https://doi.org/10.1038/nn.2953

Ide, J. S., & Li, C. R. (2011). A cerebellar thalamic cortical circuit for error-related cognitive
control. Neurolmage, 54(1), 455—-464.
https://doi.org/10.1016/j.neuroimage.2010.07.042

Ilmoniemi, R. J., & Kici¢, D. (2010). Methodology for combined TMS and EEG. Brain
Topography, 22(4), 233-248. https://doi.org/10.1007/s10548-009-0123-4

Ishikawa, T., Tomatsu, S., Tsunoda, Y., Lee, J., Hoffman, D. S., & Kakei, S. (2014). Releasing
dentate nucleus cells from Purkinje cell inhibition generates output from the
cerebrocerebellum. PloS One, 9(10), 1-16.
https://doi.org/10.1371/journal.pone.0108774

Ito, M. (1982). Cerebellar control of the vestibulo-ocular reflex--around the flocculus
hypothesis. Annual Review of Neuroscience, 5(1), 275-296.
https://doi.org/10.1146/annurev.ne.05.030182.001423

Ito, M. (1984). The cerebellum and neural control. Raven Pr.

Ito, M. (1993). Movement and thought: Identical control mechanisms by the cerebellum. Trends
in Neurosciences, 16(11), 448-450. https://doi.org/10.1016/0166-2236(93)90073-u

Ito, M. (2008). Control of mental activities by internal models in the cerebellum. Nature
Reviews Neuroscience, 9(4), 304—313. https://doi.org/10.1038/nrn2332

Ito, M., Sakurai, M., & Tongroach, P. (1982). Climbing fibre induced depression of both mossy
fibre responsiveness and glutamate sensitivity of cerebellar Purkinje cells. The Journal
of Physiology, 324(1), 113—134. https://doi.org/10.1113/jphysiol.1982.sp014103

Ito, M., Yamaguchi, K., Nagao, S., & Yamazaki, T. (2014). Long-Term Depression as a Model
of Cerebellar Plasticity. In Progress in Brain Research (pp. 1-30). Elsevier.
https://doi.org/10.1016/b978-0-444-63356-9.00001-7

Ito, M., & Yoshida, M. (1964). The cerebellar-evoked monosynaptic inhibition of Deiters'
neurones. Experientia, 20(9), 515-516. https://doi.org/10.1007/BF02154085

Ivry, R. B., & Keele, S. W. (1989). Timing functions of the cerebellum. Journal of Cognitive
Neuroscience, 1(2), 136—152. https://doi.org/10.1162/jocn.1989.1.2.136

79



References

Ivry, R. B., & Spencer, R. M. C. (2004). The neural representation of time. Current Opinion in
Neurobiology, 14(2), 225-232. https://doi.org/10.1016/j.conb.2004.03.013

Ivry, R. B., Spencer, R. M., Zelaznik, H. N., & Diedrichsen, J. (2002). The Cerebellum And
Event Timing. Annals of the New York Academy of Sciences, 978(1), 302-317.
https://doi.org/10.1111/j.1749-6632.2002.tb07576.x

Jackson, T. B., Maldonado, T., Eakin, S. M., Orr, J. M., & Bernard, J. A. (2020). Cerebellar and
Prefrontal-Cortical Engagement During Higher-Order Rule Learning in Older
Adulthood. Neuropsychologia, 148(107620), 1-12.
https://doi.org/10.1101/2020.01.22.914739

Jacobi, H., Bauer, P., Giunti, P., Labrum, R., Sweeney, M. G., Charles, P., Diirr, A., Marelli, C.,
Globas, C., Linnemann, C., Schoéls, L., Rakowicz, M., Rola, R., Zdzienicka, E.,
Schmitz-Hiibsch, T., Fancellu, R., Mariotti, C., Tomasello, C., Baliko, L., . ..
Klockgether, T. (2011). The natural history of spinocerebellar ataxia type 1, 2, 3, and 6:
A 2-year follow-up study. Neurology, 77(11), 1035-1041.
https://doi.org/10.1212/WNL.0b013e31822¢7cal

Jacobi, H., Faber, J., Timmann, D., & Klockgether, T. (2021). Update cerebellum and cognition.
Journal of Neurology, 268, 3921-3925. https://doi.org/10.1007/s00415-021-10486-w

Jacobi, H., & Minnerop, M. (2021). Ataxien des Erwachsenenalters [Adult-onset ataxias]. Der
Nervenarzt, 92(4), 379-389. https://doi.org/10.1007/s00115-021-01099-9

Jacobi, H., Rakowicz, M., Rola, R., Fancellu, R., Mariotti, C., Charles, P., Diirr, A., Kiiper, M.,
Timmann, D., Linnemann, C., Schols, L., Kaut, O., Schaub, C., Filla, A., Baliko, L.,
Melegh, B., Kang, J.-S., Giunti, P., van de Warrenburg, B. P. C., . . . Klockgether, T.
(2013). Inventory of Non-Ataxia Signs (INAS): Validation of a new clinical assessment
instrument. Cerebellum, 12(3), 418—428. https://doi.org/10.1007/s12311-012-0421-3

Jalali, R., Miall, R. C., & Galea, J. M. (2017). No consistent effect of cerebellar transcranial
direct current stimulation on visuomotor adaptation. Journal of Neurophysiology,
118(2), 655-665. https://doi.org/10.1152/jn.00896.2016

Jaschke, D., Steiner, K. M., Chang, D.-1., ClaaB8en, J., Uslar, E., Thieme, A., Gerwig, M.,
Pfaffenrot, V., Hulst, T., Gussew, A., Maderwald, S., Goricke, S. L., Minnerop, M.,
Ladd, M. E., Reichenbach, J. R., Timmann, D., & Deistung, A. (2023). Age-related
differences of cerebellar cortex and nuclei: MRI findings in healthy controls and its
application to spinocerebellar ataxia (SCA6) patients. Neurolmage, 270(119950), 1-16.
https://doi.org/10.1016/j.neuroimage.2023.119950

Jocham, G., Neumann, J., Klein, T. A., Danielmeier, C., & Ullsperger, M. (2009). Adaptive
coding of action values in the human rostral cingulate zone. The Journal of
Neuroscience, 29(23), 7489-7496. https://doi.org/10.1523/JNEUROSCI.0349-09.2009

80



References

Johnson, J. F., Belyk, M., Schwartze, M., Pinheiro, A. P., & Kotz, S. A. (2019). The role of the
cerebellum in adaptation: Ale meta-analyses on sensory feedback error. Human Brain
Mapping, 40(13), 3966398 1. https://doi.org/10.1002/hbm.24681

Jonkman, L. M., Sniedt, F. L. F., & Kemner, C. (2007). Source localization of the Nogo-N2: A
developmental study. Clinical Neurophysiology, 118(5), 1069-1077.
https://doi.org/10.1016/j.clinph.2007.01.017

Kang, S., Jun, S., Baek, S. J., Park, H., Yamamoto, Y., & Tanaka-Yamamoto, K. (2021). Recent
Advances in the Understanding of Specific Efferent Pathways Emerging From the
Cerebellum. Frontiers in Neuroanatomy, 15(759948), 1-21.
https://doi.org/10.3389/fhana.2021.759948

Kasumu, A., & Bezprozvanny, 1. (2012). Deranged calcium signaling in Purkinje cells and
pathogenesis in spinocerebellar ataxia 2 (SCA2) and other ataxias. Cerebellum, 11(3),
630-639. https://doi.org/10.1007/s12311-010-0182-9

Kawato, M., Ohmae, S., Hoang, H., & Sanger, T. (2021). 50 Years Since the Marr, Ito, and
Albus Models of the Cerebellum. Neuroscience, 462, 151-174.
https://doi.org/10.1016/j.neuroscience.2020.06.019

Kelly, R. M., & Strick, P. L. (2003). Cerebellar loops with motor cortex and prefrontal cortex of
a nonhuman primate. The Journal of Neuroscience, 23(23), 8432—-8444.
https://doi.org/10.1523/INEUROSCI.23-23-08432.2003

Keren-Happuch, E., Chen, S.-H. A., Ho, M.-H. R., & Desmond, J. E. (2014). A meta-analysis of
cerebellar contributions to higher cognition from PET and fMRI studies. Human Brain
Mapping, 35(2), 593-615. https://doi.org/10.1002/hbm.22194

Kerestes, R., Cummins, H., Georgiou-Karistianis, N., Selvadurai, L. P., Corben, L. A.,
Delatycki, M. B., Egan, G. F., & Harding, 1. H. (2023). Reduced cerebello-cerebral
functional connectivity correlates with disease severity and impaired white matter
integrity in Friedreich ataxia. Journal of Neurology, 270(5), 2360-2369.
https://doi.org/10.1007/s00415-023-11637-x

Kim, S., & Arbel, Y. (2019). Immediate and delayed auditory feedback in declarative learning:
An examination of the feedback related event related potentials. Neuropsychologia,
129, 255-262. https://doi.org/10.1016/j.neuropsychologia.2019.04.001

Kim, S. G., Ugurbil, K., & Strick, P. L. (1994). Activation of a cerebellar output nucleus during
cognitive processing. Science, 265(5174), 949-951.
https://doi.org/10.1126/science.8052851

King, M., Hernandez-Castillo, C. R., Poldrack, R. A., Ivry, R. B., & Diedrichsen, J. (2019).

Functional boundaries in the human cerebellum revealed by a multi-domain task

81



References

battery. Nature Neuroscience, 22(8), 1371-1378. https://doi.org/10.1038/s41593-019-
0436-x

Kirsch, F., Kirschner, H., Fischer, A. G., Klein, T. A., & Ullsperger, M. (2022). Disentangling
performance-monitoring signals encoded in feedback-related EEG dynamics.
Neurolmage, 257(119322), 1-13. https://doi.org/10.1016/j.neuroimage.2022.119322

Klaus, J., & Schutter, D. J. L. G. (2021). Functional topography of anger and aggression in the
human cerebellum. Neurolmage, 226(117582), 1-11.
https://doi.org/10.1016/j.neuroimage.2020.117582

Klein, A. P., Ulmer, J. L., Quinet, S. A., Mathews, V., & Mark, L. P. (2016). Nonmotor
Functions of the Cerebellum: An Introduction. American Journal of Neuroradiology,
37(6), 1005—1009. https://doi.org/10.3174/ajnr.A4720

Kleine, J. F., Guan, Y., & Biittner, U. (2003). Saccade-Related Neurons in the Primate Fastigial
Nucleus: What Do They Encode? Journal of Neurophysiology, 90(5), 3137-3154.
https://doi.org/10.1152/jn.00021.2003

Klinke, 1., Minnerop, M., Schmitz-Hiibsch, T., Hendriks, M., Klockgether, T., Wiillner, U., &
Helmstaedter, C. (2010). Neuropsychological features of patients with spinocerebellar
ataxia (SCA) types 1, 2, 3, and 6. Cerebellum, 9(3), 433-442.
https://doi.org/10.1007/s12311-010-0183-8

Klockgether, T., Mariotti, C., & Paulson, H. L. (2019). Spinocerebellar ataxia. Nature Reviews
Disease Primers, 5(24), 1-21. https://doi.org/10.1038/s41572-019-0074-3

Knolle, F., Schroger, E., & Kotz, S. A. (2013). Cerebellar contribution to the prediction of self-
initiated sounds. Cortex, 49(9), 2449-2461.
https://doi.org/10.1016/j.cortex.2012.12.012

Knutson, B., Adams, C. M., Fong, G. W., & Hommer, D. W. (2001). Anticipation of increasing
monetary reward selectively recruits nucleus accumbens. The Journal of Neuroscience,
21(RC159), 1-5. https://doi.org/10.1523/jneurosci.21-16-j0002.2001

Knutson, B., Fong, G. W., Bennett, S. M., Adams, C. M., & Hommer, D. W. (2003). A region
of mesial prefrontal cortex tracks monetarily rewarding outcomes: Characterization
with rapid event-related fMRI. Neurolmage, 18(2), 263-272.
https://doi.org/10.1016/s1053-8119(02)00057-5

Kobza, S., & Bellebaum, C. (2015). Processing of action- but not stimulus-related prediction
errors differs between active and observational feedback learning. Neuropsychologia,
66, 75-87. https://doi.org/10.1016/j.neuropsychologia.2014.10.036

Koponen, L. M., Nieminen, J. O., Mutanen, T. P., & [lmoniemi, R. J. (2018). Noninvasive
extraction of microsecond-scale dynamics from human motor cortex. Human Brain

Mapping, 39(6), 2405-2411. https://doi.org/10.1002/hbm.24010
82



References

Kostadinov, D., Beau, M., Blanco-Pozo, M., & Héausser, M. (2019). Predictive and reactive
reward signals conveyed by climbing fiber inputs to cerebellar Purkinje cells. Nature
Neuroscience, 22(6), 950-962. https://doi.org/10.1038/s41593-019-0381-8

Kostadinov, D., & Hausser, M. (2022). Reward signals in the cerebellum: Origins, targets, and
functional implications. Neuron, 110(8), 1290—1303.
https://doi.org/10.1016/j.neuron.2022.02.015

Kovacs, A., Kiss, M., Pintér, N., Szirmai, [., & Kamondi, A. (2019). Characteristics of Tremor
Induced by Lesions of the Cerebellum. Cerebellum, 18(4), 705-720.
https://doi.org/10.1007/s12311-019-01027-3

Koziol, L. F., Budding, D., Andreasen, N., D'Arrigo, S., Bulgheroni, S., Imamizu, H., Ito, M.,
Manto, M., Marvel, C., Parker, K., Pezzulo, G., Ramnani, N., Riva, D.,

Schmahmann, J., Vandervert, L., & Yamazaki, T. (2014). Consensus paper: The
cerebellum's role in movement and cognition. Cerebellum, 13(1), 151-177.
https://doi.org/10.1007/s12311-013-0511-x

Koziol, L. F., Budding, D. E., & Chidekel, D. (2012). From movement to thought: Executive
function, embodied cognition, and the cerebellum. Cerebellum, 11(2), 505-525.
https://doi.org/10.1007/s12311-011-0321-y

Kruithof, E. S., Klaus, J., & Schutter, D. J. L. G. (2023). The human cerebellum in reward
anticipation and outcome processing: An activation likelihood estimation meta-analysis.
Neuroscience and Biobehavioral Reviews, 149(105171), 1-13.
https://doi.org/10.1016/j.neubiorev.2023.105171

Kubis, N. (2016). Non-Invasive Brain Stimulation to Enhance Post-Stroke Recovery. Frontiers
in Neural Circuits, 10(56), 1-10. https://doi.org/10.3389/fncir.2016.00056

Lam, J. M., Wichter, T., Globas, C., Karnath, H.-O., & Luft, A. R. (2013). Predictive value and
reward in implicit classification learning. Human Brain Mapping, 34(1), 176—185.
https://doi.org/10.1002/hbm.21431

Landis, J. R., & Koch, G. G. (1977). An Application of Hierarchical Kappa-type Statistics in the
Assessment of Majority Agreement among Multiple Observers. Biometrics, 33(2), 363—
374. https://doi.org/10.2307/2529786

Lang, E. J., Apps, R., Bengtsson, F., Cerminara, N. L., De Zeeuw, C., Ebner, T. J., Heck, D. H.,

Jaeger, D., Jorntell, H., Kawato, M., Otis, T. S., Ozyildirim, O., Popa, L. S.,
Reeves, A. M. B., Schweighofer, N., Sugihara, 1., & Xiao, J. (2017). The Roles of the
Olivocerebellar Pathway in Motor Learning and Motor Control. A Consensus Paper.
Cerebellum, 16(1), 230-252. https://doi.org/10.1007/s12311-016-0787-8

Lanza, G., Casabona, J. A., Bellomo, M., Cantone, M., Fisicaro, F., Bella, R., Pennisi, G.,

Bramanti, P., Pennisi, M., & Bramanti, A. (2020). Update on intensive motor training in
83



References

spinocerebellar ataxia: Time to move a step forward? The Journal of International
Medical Research, 48(2), 1-15. https://doi.org/10.1177/0300060519854626

Larson, M. J., Baldwin, S. A., Good, D. A., & Fair, J. E. (2010). Temporal stability of the error-
related negativity (ERN) and post-error positivity (Pe): The role of number of trials.
Psychophysiology, 47(6), 1167—1171. https://doi.org/10.1111/j.1469-
8986.2010.01022.x

Larson, M. J., & Clayson, P. E. (2011). The relationship between cognitive performance and
electrophysiological indices of performance monitoring. Cognitive, Affective &
Behavioral Neuroscience, 11(2), 159—171. https://doi.org/10.3758/s13415-010-0018-6

Lauffs, M. M., Geoghan, S. A., Favrod, O., Herzog, M. H., & Preuschoff, K. (2020). Risk
prediction error signaling: A two-component response? Neurolmage, 214(116766), 1—
10. https://doi.org/10.1016/j.neuroimage.2020.116766

Leiner, H. C., Leiner, A. L., & Dow, R. S. (1986). Does the cerebellum contribute to mental
skills? Behavioral Neuroscience, 100(4), 443—454. https://doi.org/10.1037/0735-
7044.100.4.443

Leiner, H. C., Leiner, A. L., & Dow, R. S. (1991). The human cerebro-cerebellar system: Its
computing, cognitive, and language skills. Behavioural Brain Research, 44(2), 113—
128. https://doi.org/10.1016/s0166-4328(05)80016-6

Leto, K., Arancillo, M., Becker, E. B. E., Buffo, A., Chiang, C., Ding, B., Dobyns, W. B.,
Dusart, 1., Haldipur, P., Hatten, M. E., Hoshino, M., Joyner, A. L., Kano, M.,
Kilpatrick, D. L., Koibuchi, N., Marino, S., Martinez, S., Millen, K. J.,
Millner, T. O., . . . Hawkes, R. (2016). Consensus Paper: Cerebellar Development.
Cerebellum, 15(6), 789—828. https://doi.org/10.1007/s12311-015-0724-2

Li, C. R., Huang, C., Yan, P., Paliwal, P., Constable, R. T., & Sinha, R. (2008). Neural
correlates of post-error slowing during a stop signal task: A functional magnetic
resonance imaging study. Journal of Cognitive Neuroscience, 20(6), 1021-1029.
https://doi.org/10.1162/jocn.2008.20071

Lie, C.-H., Specht, K., Marshall, J. C., & Fink, G. R. (2006). Using fMRI to decompose the
neural processes underlying the Wisconsin Card Sorting Test. Neurolmage, 30(3),
1038-1049. https://doi.org/10.1016/j.neuroimage.2005.10.031

Lin, J., Xiao, Y., Yao, C., Sun, L., Wang, P., Deng, Y., Pu, J., & Xue, S.-W. (2024). Linking
inter-subject variability of cerebellar functional connectome to clinical symptoms in
major depressive disorder. Journal of Psychiatric Research, 171, 9-16.

https://doi.org/10.1016/].jpsychires.2024.01.006

84



References

Linke, J., Kirsch, P., King, A. V., Gass, A., Hennerici, M. G., Bongers, A., & Wessa, M. (2010).
Motivational orientation modulates the neural response to reward. Neurolmage, 49(3),
2618-2625. https://doi.org/10.1016/j.neuroimage.2009.09.013

Lupo, M., Troisi, E., Chiricozzi, F. R., Clausi, S., Molinari, M., & Leggio, M. (2015). Inability
to Process Negative Emotions in Cerebellar Damage: A Functional Transcranial
Doppler Sonographic Study. Cerebellum, 14(6), 663—669.
https://doi.org/10.1007/s12311-015-0662-z

Luu, P., Tucker, D. M., & Makeig, S. (2004). Frontal midline theta and the error-related
negativity: Neurophysiological mechanisms of action regulation. Clinical
Neurophysiology, 115(8), 1821-1835. https://doi.org/10.1016/j.clinph.2004.03.031

Maas, R. P., Killaars, S., van de Warrenburg, B. P. C., & Schutter, D. J. L. G. (2021). The
cerebellar cognitive affective syndrome scale reveals early neuropsychological deficits
in SCA3 patients. Journal of Neurology, 268(9), 3456-3466.
https://doi.org/10.1007/s00415-021-10516-7

Macdonell, R. A., Kalnins, R. M., & Donnan, G. A. (1987). Cerebellar infarction: Natural
history, prognosis, and pathology. Stroke, 18(5), 849—855.
https://doi.org/10.1161/01.STR.18.5.849

Magielse, N., Toro, R., Steigauf, V., Abbaspour, M., Eickhoff, S. B., Heuer, K., & Valk, S. L.
(2023). Phylogenetic comparative analysis of the cerebello-cerebral system in 34
species highlights primate-general expansion of cerebellar crura I-1I. Communications
Biology, 6(1188), 1-17. https://doi.org/10.1038/s42003-023-05553-z

Mak, M., Tyburski, E., Madany, L.., Sokotowski, A., & Samochowiec, A. (2016). Executive
Function Deficits in Patients after Cerebellar Neurosurgery. Journal of the International
Neuropsychological Society, 22(1), 47-57. https://doi.org/10.1017/s1355617715001174

Manes, F., Villamil, A. R., Ameriso, S., Roca, M., & Torralva, T. (2009). "Real life" executive
deficits in patients with focal vascular lesions affecting the cerebellum. Journal of the
Neurological Sciences, 283(1-2), 95-98. https://doi.org/10.1016/j.jns.2009.02.316

Mannarelli, D., Pauletti, C., Petritis, A., Delle Chiaie, R., Curra, A., Trompetto, C., &
Fattapposta, F. (2020). Effects of Cerebellar tDCS on Inhibitory Control: Evidence from
a Go/NoGo Task. Cerebellum, 19(6), 788—798. https://doi.org/10.1007/s12311-020-
01165-z

Manto, M. (2008). The cerebellum, cerebellar disorders, and cerebellar research--two centuries
of discoveries. Cerebellum, 7(4), 505-516. https://doi.org/10.1007/s12311-008-0063-7

Manto, M. (2022). The underpinnings of cerebellar ataxias. Clinical Neurophysiology Practice,

7, 372-387. https://doi.org/10.1016/j.cnp.2022.11.002

85



References

Manto, M., Argyropoulos, G. P. D., Bocci, T., Celnik, P. A., Corben, L. A., Guidetti, M.,
Koch, G., Priori, A., Rothwell, J. C., Sadnicka, A., Spampinato, D., Ugawa, Y.,
Wessel, M. J., & Ferrucci, R. (2022). Consensus Paper: Novel Directions and Next
Steps of Non-invasive Brain Stimulation of the Cerebellum in Health and Disease.
Cerebellum, 21(6), 1092—1122. https://doi.org/10.1007/s12311-021-01344-6

Manto, M., Bower, J. M., Conforto, A. B., Delgado-Garcia, J. M., da Guarda, S. N. F.,
Gerwig, M., Habas, C., Hagura, N., Ivry, R. B., Marién, P., Molinari, M., Naito, E.,
Nowak, D. A., Oulad Ben Taib, N., Pelisson, D., Tesche, C. D., Tilikete, C., &
Timmann, D. (2012). Consensus paper: Roles of the cerebellum in motor control-the
diversity of ideas on cerebellar involvement in movement. Cerebellum, 11(2), 457-487.
https://doi.org/10.1007/s12311-011-0331-9

Manto, M., & Marmolino, D. (2009). Cerebellar ataxias. Current Opinion in Neurology, 22(4),
419-429. https://doi.org/10.1097/WCO.0b013e32832b9897

Marco-Pallarés, J., Miiller, S. V., & Miinte, T. F. (2007). Learning by doing: an fMRI study of
feedback-related brain activations. NeuroReport, 18(14), 1423—-1426.
https://doi.org/10.1097/WNR.0b013e3282e9a58¢

Marién, P., Ackermann, H., Adamaszek, M., Barwood, C. H. S., Beaton, A., Desmond, J. E.,
Witte, E. de, Fawcett, A. J., Hertrich, L., Kiiper, M., Leggio, M., Marvel, C.,
Molinari, M., Murdoch, B. E., Nicolson, R. I., Schmahmann, J. D., Stoodley, C. J.,
Thiirling, M., Timmann, D., . . . Ziegler, W. (2013). Consensus Paper: Language and
the Cerebellum: An Ongoing Enigma. Cerebellum, 13(3), 386—410.
https://doi.org/10.1007/s12311-013-0540-5

Matilainen, N., Kataja, J., & Laakso, 1. (2024). Verification of neuronavigated TMS accuracy
using structured-light 3D scans. Physics in Medicine and Biology, 69(085004), 1-11.
https://doi.org/10.1088/1361-6560/ad33b8

Medina, J. F. (2011). The multiple roles of Purkinje cells in sensori-motor calibration: To
predict, teach and command. Current Opinion in Neurobiology, 21(4), 616—622.
https://doi.org/10.1016/j.conb.2011.05.025

Meteyard, L., & Davies, R. A. (2020). Best practice guidance for linear mixed-effects models in
psychological science13012020.docx. Journal of Memory and Language,
112(1040092), 1-22. https://doi.org/10.1016/j.jm1.2020.104092

Metsomaa, J., Song, Y., Mutanen, T. P., Gordon, P. C., Ziemann, U., Zrenner, C., & Hernandez-
Pavon, J. C. (2024). Adapted Beamforming: A Robust and Flexible Approach for
Removing Various Types of Artifacts from TMS-EEG Data. Brain Topography, 1-25.
https://doi.org/10.1007/s10548-024-01044-4

86



References

Middleton, F. A., & Strick, P. L. (1994). Anatomical Evidence for Cerebellar and Basal Ganglia
Involvement in Higher Cognitive Function. Science, 266, 458-461.
https://doi.org/10.1126/science.7939688

Middleton, F. A., & Strick, P. L. (2001). Cerebellar projections to the prefrontal cortex of the
primate. The Journal of Neuroscience, 21(2), 700-712.
https://doi.org/10.1523/INEUROSCI.21-02-00700.2001

Miltner, W. H., Braun, C. G., & Coles, M. G. H. (1997). Event-Related Brain Potentials
Following Incorrect Feedback in a Time-Estimation Task: Evidence for a “Generic”
Neural System for Error Detection Task. Journal of Cognitive Neuroscience, 9(6), 788—
798.

Miyai, 1., Ito, M., Hattori, N., Mihara, M., Hatakenaka, M., Yagura, H., Sobue, G., &
Nishizawa, M. (2012). Cerebellar ataxia rehabilitation trial in degenerative cerebellar
diseases. Neurorehabilitation and Neural Repair, 26(5), 515-522.
https://doi.org/10.1177/1545968311425918

Morgado, F., Vandewouw, M. M., Hammill, C., Kelley, E., Crosbie, J., Schachar, R., Ayub, M.,
Nicolson, R., Georgiades, S., Arnold, P., laboni, A., Kushki, A., Taylor, M. J.,
Anagnostou, E., & Lerch, J. P. (2024). Behaviour-correlated profiles of cerebellar-
cerebral functional connectivity observed in independent neurodevelopmental disorder
cohorts. Translational Psychiatry, 14(1), 1-11. https://doi.org/10.1038/s41398-024-
02857-4

Mukhopadhyay, P., Dutt, A., Kumar Das, S., Basu, A., Hazra, A., Dhibar, T., & Roy, T. (2008).
Identification of neuroanatomical substrates of set-shifting ability: evidence from
patients with focal brain lesions. In R. Banerjee & B. K. Chakrabarti (Eds.), Progress in
brain research: v. 168. Models of brain and mind: Physical, computational and
psychological approaches (pp. 95-104). Elsevier. https://doi.org/10.1016/s0079-
6123(07)68008-x

Nagahama, Y., Fukuyama, H., Yamauchi, H., Matsuzaki, S., Konishi, J., Shibasaki, H., &
Kimura, J. (1996). Cerebral activation during performance of a card sorting test. Brain,
119(5), 1667—1675. https://doi.org/10.1093/brain/119.5.1667

Nicholas, J., Amlang, C., Lin, C.-Y. R., Montaser-Kouhsari, L., Desai, N., Pan, M.-K.,

Kuo, S.-H., & Shohamy, D. (2023). The Role of the Cerebellum in Learning to Predict
Reward: Evidence from Cerebellar Ataxia. Cerebellum, 1-14.
https://doi.org/10.1007/s12311-023-01633-2

Nieuwenhuis, S., Holroyd, C. B., Mol, N., & Coles, M. G. H. (2004). Reinforcement-related

brain potentials from medial frontal cortex: Origins and functional significance.

87



References

Neuroscience and Biobehavioral Reviews, 28(4), 441-448.
https://doi.org/10.1016/j.neubiorev.2004.05.003

Nieuwenbhuis, S., Ridderinkhof, K. R., Blom, J., Band, G. P., & Kok, A. (2001). Error-related
brain potentials are differentially related to awareness of response errors: Evidence from
an antisaccade task. Psychophysiology, 38(5), 752—760. https://doi.org/10.1111/1469-
8986.3850752

Nieuwenhuis, S., Slagter, H. A., Geusau, N. J. A. von, Heslenfeld, D. J., & Holroyd, C. B.
(2005). Knowing good from bad: Differential activation of human cortical areas by
positive and negative outcomes. The European Journal of Neuroscience, 21(11),3161—
3168. https://doi.org/10.1111/j.1460-9568.2005.04152.x

Nieuwenhuis, S., Yeung, N., van den Wildenberg, W., & Ridderinkhof, K. R. (2003).
Electrophysiological correlates of anterior cingulate function in a go/no-go task: Effects
of response conflict and trial type frequency. Cognitive, Affective & Behavioral
Neuroscience, 3(1), 17-26. https://doi.org/10.3758/CABN.3.1.17

Nitsche, M. A., Cohen, L. G., Wassermann, E. M., Priori, A., Lang, N., Antal, A., Paulus, W.,
Hummel, F., Boggio, P. S., Fregni, F., & Pascual-Leone, A. (2008). Transcranial direct
current stimulation: State of the art 2008. Brain Stimulation, 1(3), 206-223.
https://doi.org/10.1016/j.brs.2008.06.004

Niv, Y. (2009). Reinforcement learning in the brain. Journal of Mathematical Psychology,
53(3), 139—154. https://doi.org/10.1016/j.jmp.2008.12.005

O'Doherty, J., Critchley, H., Deichmann, R., & Dolan, R. J. (2003). Dissociating Valence of
Outcome from Behavioral Control in Human Orbital and Ventral Prefrontal Cortices.
The Journal of Neuroscience, 23(21), 7931-7939.
https://doi.org/10.1523/INEUROSCI.23-21-07931.2003

O'Doherty, J., Dayan, P., Schultz, J., Deichmann, R., Friston, K., & Dolan, R. J. (2004).
Dissociable roles of ventral and dorsal striatum in instrumental conditioning. Science,
304(5669), 452—-454. https://doi.org/10.1126/science.1094285

Oldrati, V., & Schutter, D. J. L. G. (2018). Targeting the Human Cerebellum with Transcranial
Direct Current Stimulation to Modulate Behavior: A Meta-Analysis. Cerebellum, 17(2),
228-236. https://doi.org/10.1007/s12311-017-0877-2

Oliveira, F. T. P., McDonald, J. J., & Goodman, D. (2007). Performance Monitoring in the
Anterior Cingulate is Not All Error Related: Expectancy Deviation and the
Representation of Action-Outcome Associations. Journal of Cognitive Neuroscience,

19(12), 1994-2004. https://doi.org/10.1162/jocn.2007.19.12.1994

88



References

Olvet, D. M., & Hajcak, G. (2009). The stability of error-related brain activity with increasing
trials. Psychophysiology, 46(5), 957-961. https://doi.org/10.1111/j.1469-
8986.2009.00848.x

Oscarsson, O. (1979). Functional units of the cerebellum - sagittal zones and microzones.
Trends in Neurosciences, 2, 143—145. https://doi.org/10.1016/0166-2236(79)90057-2

Oz, G., Cocozza, S., Henry, P.-G., Lenglet, C., Deistung, A., Faber, J., Schwarz, A. J.,
Timmann, D., van Dijk, K. R. A., & Harding, 1. H. (2023). Mr Imaging in Ataxias:
Consensus Recommendations by the Ataxia Global Initiative Working Group on MRI
Biomarkers. Cerebellum, 1-15. https://doi.org/10.1007/s12311-023-01572-y

Page, M. J., McKenzie, J. E., Bossuyt, P. M., Boutron, 1., Hoffmann, T. C., Mulrow, C. D.,
Shamseer, L., Tetzlaff, J. M., Akl, E. A., Brennan, S. E., Chou, R., Glanville, J.,
Grimshaw, J. M., Hrobjartsson, A., Lalu, M. M., Li, T., Loder, E. W., Mayo-Wilson, E.,
McDonald, S., . .. Moher, D. (2021). The PRISMA 2020 statement: An updated
guideline for reporting systematic reviews. International Journal of Surgery, 88, 1-9.
https://doi.org/10.1016/].ijsu.2021.105906

Paitel, E. R., & Nielson, K. A. (2023). Cerebellar EEG source localization reveals age-related
compensatory activity moderated by genetic risk for Alzheimer's disease.
Psychophysiology, 60(12), 1-18. https://doi.org/10.1111/psyp.14395

Palesi, F., Rinaldis, A. de, Castellazzi, G., Calamante, F., Muhlert, N., Chard, D.,

Tournier, J. D., Magenes, G., D'Angelo, E., & Gandini Wheeler-Kingshott, C. A. M.
(2017). Contralateral cortico-ponto-cerebellar pathways reconstruction in humans in
vivo: Implications for reciprocal cerebro-cerebellar structural connectivity in motor and
non-motor areas. Scientific Reports, 7(12841), 1-13. https://doi.org/10.1038/s41598-
017-13079-8

Palmer, L. M., Clark, B. A., Griindemann, J., Roth, A., Stuart, G. J., & Hausser, M. (2010).
Initiation of simple and complex spikes in cerebellar Purkinje cells. The Journal of
Physiology, 588(10), 1709—1717. https://doi.org/10.1113/jphysiol.2010.188300

Pan, W.-X., Coddington, L. T., & Dudman, J. T. (2021). Dissociable contributions of phasic
dopamine activity to reward and prediction. Cell Reports, 36(10), 1-9.
https://doi.org/10.1016/j.celrep.2021.109684

Panouilléres, M., Neggers, S. F. W., Gutteling, T. P., Salemme, R., van der Stigchel, S., van der
Geest, J. N., Frens, M. A., & Pélisson, D. (2012). Transcranial magnetic stimulation and
motor plasticity in human lateral cerebellum: Dual effect on saccadic adaptation.
Human Brain Mapping, 33(7), 1512—-1525. https://doi.org/10.1002/hbm.21301

Pasco, A., Thouveny, F., Papon, X., Tanguy, J.-Y., Mercier, P., Caron-Poitreau, C., &

Herbreteau, D. (2002). Ruptured aneurysm on a double origin of the posterior inferior
89



References

cerebellar artery: A pathological entity in an anatomical variation. Report of two cases
and review of the literature. Journal of Neurosurgery, 96(1), 127-131.
https://doi.org/10.3171/jns.2002.96.1.0127

Pascual-Leone, A. (1999). Transcranial magnetic stimulation: Studying the brain-behaviour
relationship by induction of ‘virtual lesions’. Philosophical Transactions of the Royal
Society of London. Series B: Biological Sciences, 354(1387), 1229-1238.
https://doi.org/10.1098/rstb.1999.0476

Pavlov, P. I. (2010). Conditioned reflexes: An investigation of the physiological activity of the
cerebral cortex. Annals of Neurosciences, 17(3), 136—141.
https://doi.org/10.5214/ans.0972-7531.1017309

Peterburs, J., Bellebaum, C., Koch, B., Schwarz, M., & Daum, 1. (2010). Working Memory and
Verbal Fluency Deficits Following Cerebellar Lesions: Relation to Interindividual
Differences in Patient Variables. Cerebellum, 9(3), 375-383.
https://doi.org/10.1007/s12311-010-0171-z

Peterburs, J., & Desmond, J. E. (2016). The role of the human cerebellum in performance
monitoring. Current Opinion in Neurobiology, 40, 38—44.
https://doi.org/10.1016/j.conb.2016.06.011

Peterburs, J., Gajda, K., Koch, B., Schwarz, M., Hoffmann, K.-P., Daum, 1., & Bellebaum, C.
(2012). Cerebellar lesions alter performance monitoring on the antisaccade task--an
event-related potentials study. Neuropsychologia, 50(3), 379-389.
https://doi.org/10.1016/j.neuropsychologia.2011.12.009

Peterburs, J., Hofmann, D., Becker, M. P. 1., Nitsch, A. M., Miltner, W. H. R., & Straube, T.
(2018). The role of the cerebellum for feedback processing and behavioral switching in
a reversal-learning task. Brain and Cognition, 125, 142—148.
https://doi.org/10.1016/j.bandc.2018.07.001

Peterburs, J., Kobza, S., & Bellebaum, C. (2016). Feedback delay gradually affects amplitude
and valence specificity of the feedback-related negativity (FRN). Psychophysiology,
53(2), 209-215. https://doi.org/10.1111/psyp.12560

Peterburs, J., Liang, Y., Cheng, D. T., & Desmond, J. E. (2021). Sensory acquisition functions
of the cerebellum in verbal working memory. Brain Structure & Function, 226(3), 833—
844. https://doi.org/10.1007/s00429-020-02212-5

Peterburs, J., Thiirling, M., Rustemeier, M., Géricke, S., Suchan, B., Timmann, D., &
Bellebaum, C. (2015). A cerebellar role in performance monitoring - evidence from
EEG and voxel-based morphometry in patients with cerebellar degenerative disease.
Neuropsychologia, 68, 139-147.
https://doi.org/10.1016/j.neuropsychologia.2015.01.017

90



References

Petersen, S. E., Fox, P. T., Posner, M. 1., Mintun, M., & Raichle, M. E. (1989). Positron
emission tomographic studies of the processing of singe words. Journal of Cognitive
Neuroscience, 1(2), 153—-170. https://doi.org/10.1162/jocn.1989.1.2.153

Pfabigan, D. M., Alexopoulos, J., Bauer, H., & Sailer, U. (2011). Manipulation of feedback
expectancy and valence induces negative and positive reward prediction error signals
manifest in event-related brain potentials. Psychophysiology, 48(5), 656—664.
https://doi.org/10.1111/j.1469-8986.2010.01136.x

Phillips, J. R., Hewedi, D. H., Eissa, A. M., & Moustafa, A. A. (2015). The cerebellum and
psychiatric disorders. Frontiers in Public Health, 3(66), 1-8.
https://doi.org/10.3389/fpubh.2015.00066

Picard, H., Amado, 1., Mouchet-Mages, S., Oli¢, J.-P., & Krebs, M.-O. (2008). The role of the
cerebellum in schizophrenia: An update of clinical, cognitive, and functional evidences.
Schizophrenia Bulletin, 34(1), 155-172. https://doi.org/10.1093/schbul/sbm049

Pietschmann, M., Simon, K., Endrass, T., & Kathmann, N. (2008). Changes of performance
monitoring with learning in older and younger adults. Psychophysiology, 45(4), 559—
568. https://doi.org/10.1111/j.1469-8986.2008.00651.x

Pizem, D., Novakova, L., Gajdos, M., & Rektorova, 1. (2022). Is the vertex a good control
stimulation site? Theta burst stimulation in healthy controls. Journal of Neural
Transmission, 129(3), 319-329. https://doi.org/10.1007/s00702-022-02466-9

Poldrack, R. A., Markiewicz, C. J., Appelhoff, S., Ashar, Y. K., Auer, T., Baillet, S., Bansal, S.,
Beltrachini, L., Benar, C. G., Bertazzoli, G., Bhogawar, S., Blair, R. W., Bortoletto, M.,
Boudreau, M., Brooks, T. L., Calhoun, V. D., Castelli, F. M., Clement, P.,

Cohen, A. L., . .. Gorgolewski, K. J. (2024). The past, present, and future of the brain
imaging data structure (BIDS). Imaging Neuroscience, 2, 1-19.
https://doi.org/10.1162/imag_a 00103

Polich, J. (2007). Updating P300: An integrative theory of P3a and P3b. Clinical
Neurophysiology, 118(10), 2128-2148. https://doi.org/10.1016/j.clinph.2007.04.019

Pontifex, M. B., Scudder, M. R., Brown, M. L., O'Leary, K. C., Wu, C.-T., Themanson, J. R., &
Hillman, C. H. (2010). On the number of trials necessary for stabilization of error-
related brain activity across the life span. Psychophysiology, 47(4), 767-773.
https://doi.org/10.1111/j.1469-8986.2010.00974.x

Postman, L. (1947). The history and present status of the law of effect. Psychological Bulletin,
44(6), 489-563. https://doi.org/10.1037/h0057716

Proudfit, G. H. (2015). The reward positivity: From basic research on reward to a biomarker for

depression. Psychophysiology, 52(4), 449—459. https://doi.org/10.1111/psyp.12370

91



References

Puccio, H., & Koenig, M. (2002). Friedreich ataxia: A paradigm for mitochondrial diseases.
Current Opinion in Genetics & Development, 12(3), 272-2717.
https://doi.org/10.1016/s0959-437x(02)00298-8

Raman, I. M., & Bean, B. P. (1999). lonic currents underlying spontaneous action potentials in
isolated cerebellar Purkinje neurons. The Journal of Neuroscience, 19(5), 1663—1674.
https://doi.org/10.1523/INEUROSCI.19-05-01663.1999

Ramnani, N. (2006). The primate cortico-cerebellar system: Anatomy and function. Nature
Reviews Neuroscience, 7(7), 511-522. https://doi.org/10.1038/nrn1953

Ramon y Cajal, S. (1909). Histologie du syste'me nerveux de ’homme et des vertebre’s.
https://cir.nii.ac.jp/crid/1370004237605141637

Ravizza, S. M., McCormick, C. A., Schlerf, J. E., Justus, T., Ivry, R. B., & Fiez, J. A. (20006).
Cerebellar damage produces selective deficits in verbal working memory. Brain,
129(2), 306-320. https://doi.org/10.1093/brain/awh685

Remijnse, P. L., Nielen, M. M. A., Uylings, H. B. M., & Veltman, D. J. (2005). Neural
correlates of a reversal learning task with an affectively neutral baseline: An event-
related fMRI study. Neurolmage, 26(2), 609—618.
https://doi.org/10.1016/j.neuroimage.2005.02.009

Rescorla, R. A., & Wagner, A. R. (1972). A theory of Pavlovian conditioning: Variations in the
effectiveness of reinforcement and non-reinforcement. Classical Conditioning, Current
Research and Theory, 2, 64—69. https://cir.nii.ac.jp/crid/1572543025504096640

Roeske, S., Filla, 1., Heim, S., Amunts, K., Helmstaedter, C., Wiillner, U., Wagner, M.,
Klockgether, T., & Minnerop, M. (2013). Progressive cognitive dysfunction in
spinocerebellar ataxia type 3. Movement Disorders, 28(10), 1435-1438.
https://doi.org/10.1002/mds.25512

Rolando, L. (1809). Saggio sopra la vera struttura del cervello dell'uomo e degl'animali e sopra
le funzioni del sistema nervoso di Luigi Rolando (2nd ed.). nella stamperia da S.S.R.M
privilegiata.

Rossi, S., Hallett, M., Rossini, P. M., & Pascual-Leone, A. (2009). Safety, ethical
considerations, and application guidelines for the use of transcranial magnetic
stimulation in clinical practice and research. Clinical Neurophysiology, 120(12), 2008—
2039. https://doi.org/10.1016/].clinph.2009.08.016

Rossini, P. M., Burke, D., Chen, R., Cohen, L. G., Daskalakis, Z., Di lorio, R., Di Lazzaro, V.,
Ferreri, F., Fitzgerald, P. B., George, M. S., Hallett, M., Lefaucheur, J. P., Langguth, B.,
Matsumoto, H., Miniussi, C., Nitsche, M. A., Pascual-Leone, A., Paulus, W.,

Rossi, S., . .. Ziemann, U. (2015). Non-invasive electrical and magnetic stimulation of

the brain, spinal cord, roots and peripheral nerves: Basic principles and procedures for
92



References

routine clinical and research application. An updated report from an I.F.C.N.
Committee. Clinical Neurophysiology, 126(6), 1071-1107.
https://doi.org/10.1016/j.clinph.2015.02.001

Rossini, P. M., & Rossi, S. (1998). Clinical applications of motor evoked potentials.
Electroencephalography and Clinical Neurophysiology, 106(3), 180—194.
https://doi.org/10.1016/s0013-4694(97)00097-7

Roth, Y., Zangen, A., & Hallett, M. (2002). A Coil Design for Transcranial Magnetic
Stimulation of Deep Brain Regions. Journal of Clinical Neurophysiology, 19(4), 361—
370. https://doi.org/10.1097/00004691-200208000-00008

Ruano, L., Melo, C., Silva, M. C., & Coutinho, P. (2014). The global epidemiology of
hereditary ataxia and spastic paraplegia: A systematic review of prevalence studies.
Neuroepidemiology, 42(3), 174—183. https://doi.org/10.1159/000358801

Ruff, C. C., Driver, J., & Bestmann, S. (2009). Combining TMS and fMRI: From 'virtual
lesions' to functional-network accounts of cognition. Cortex, 45(9), 1043—1049.
https://doi.org/10.1016/j.cortex.2008.10.012

Rushworth, M. F. S., Noonan, M. P., Boorman, E. D., Walton, M. E., & Behrens, T. E. (2011).
Frontal cortex and reward-guided learning and decision-making. Neuron, 70(6), 1054—
1069. https://doi.org/10.1016/j.neuron.2011.05.014

Rustemeier, M., Koch, B., Schwarz, M., & Bellebaum, C. (2016). Processing of Positive and
Negative Feedback in Patients with Cerebellar Lesions. Cerebellum, 15(4), 425-438.
https://doi.org/10.1007/s12311-015-0702-8

Sakai, K., Ramnani, N., & Passingham, R. E. (2002). Learning of sequences of finger
movements and timing: Frontal lobe and action-oriented representation. Journal of
Neurophysiology, 88(4), 2035-2046. https://doi.org/10.1152/jn.2002.88.4.2035

Salman, M. S. (2018). Epidemiology of Cerebellar Diseases and Therapeutic Approaches.
Cerebellum, 17(1), 4—11. https://doi.org/10.1007/s12311-017-0885-2

Salvo, S. de, Lo Buono, V., Bonanno, L., Micchia, K., Cartella, E., Romeo, L., Arcadi, F.,
Corallo, F., Caminiti, F., Bramanti, A., Giorgianni, R., & Marino, S. (2020). Role of
visual P300 in cognitive assessment of subacute stroke patients: A longitudinal study.
The International Journal of Neuroscience, 130(7), 722-726.
https://doi.org/10.1080/00207454.2019.1705808

Sambrook, T. D., & Goslin, J. (2015). A neural reward prediction error revealed by a meta-
analysis of ERPs using great grand averages. Psychological Bulletin, 141(1), 213-235.
https://doi.org/10.1037/bul0000006

93



References

Sarikaya, H., & Steinlin, M. (2012). Cerebellar stroke in adults and children. In Handbook of
Clinical Neurology (pp. 301-312). Elsevier. https://doi.org/10.1016/b978-0-444-64189-
2.00020-2

Schardt, C., Adams, M. B., Owens, T., Keitz, S., & Fontelo, P. (2007). Utilization of the PICO
framework to improve searching PubMed for clinical questions. BMC Medical
Informatics and Decision Making, 7(16), 1-6. https://doi.org/10.1186/1472-6947-7-16

Scheuerecker, J., Frodl, T., Koutsouleris, N., Zetzsche, T., Wiesmann, M., Kleemann, A. M.,
Briickmann, H., Schmitt, G., Méller, H.-J., & Meisenzahl, E. M. (2007). Cerebral
Differences in Explicit and Implicit Emotional Processing - An fMRI Study.
Neuropsychobiology, 56(1), 32-39. https://doi.org/10.1159/000110726

Schlerf, J., Ivry, R. B., & Diedrichsen, J. (2012). Encoding of sensory prediction errors in the
human cerebellum. The Journal of Neuroscience, 32(14), 4913-4922.
https://doi.org/10.1523/JINEUROSCI.4504-11.2012

Schmahmann, J. D. (1996). Dysmetria of thought: Correlations and conundrums in the
relationship between the cerebellum, learning, and cognitive processing. Behavioral and
Brain Sciences, 19(3), 472—473. https://doi.org/10.1017/S0140525X00081851

Schmahmann, J. D. (2000). The role of the cerebellum in affect and psychosis. Journal of
Neurolinguistics, 13(2-3), 189-214. https://doi.org/10.1016/s0911-6044(00)00011-7

Schmahmann, J. D. (2004). Disorders of the Cerebellum: Ataxia, Dysmetria of Thought, and the
Cerebellar Cognitive Affective Syndrome. The Journal of Neuropsychiatry and Clinical
Neurosciences, 16(3), 367-378. https://doi.org/10.1176/jnp.16.3.367.

Schmahmann, J. D. (2019). The cerebellum and cognition. Neuroscience Letters, 688, 62—75.
https://doi.org/10.1016/j.neulet.2018.07.005

Schmahmann, J. D., Gardner, R., MacMore, J., & Vangel, M. G. (2009). Development of a brief
ataxia rating scale (BARS) based on a modified form of the ICARS. Movement
Disorders, 24(12), 1820-1828. https://doi.org/10.1002/mds.22681

Schmahmann, J. D., Guell, X., Stoodley, C. J., & Halko, M. A. (2019). The Theory and
Neuroscience of Cerebellar Cognition. Annual Review of Neuroscience, 42, 337-364.
https://doi.org/10.1146/annurev-neuro-070918-050258

Schmahmann, J. D., & Sherman, J. C. (1997). Cerebellar Cognitive Affective Syndrome. In
International Review of Neurobiology (pp. 433—440). Elsevier.
https://doi.org/10.1016/s0074-7742(08)60363-3

Schmahmann, J. D., & Sherman, J. C. (1998). The cerebellar cognitive affective syndrome.
Brain, 121(4), 561-579. https://doi.org/10.1093/brain/121.4.561

Schmitz-Hiibsch, T., Giunti, P., Stephenson, D. A., Globas, C., Baliko, L., Sacca, F.,

Mariotti, C., Rakowicz, M., Szymanski, S., Infante, J., van de Warrenburg, B. P. C.,
94



References

Timmann, D., Fancellu, R., Rola, R., Depondt, C., Schoéls, L., Zdzienicka, E.,
Kang, J.-S., Dohlinger, S., . . . Klockgether, T. (2008). SCA Functional Index: a useful
compound performance measure for spinocerebellar ataxia. Neurology, 71(7), 486—492.
https://doi.org/10.1212/01.wnl.0000324863.76290.19

Schmitz-Hiibsch, T., Tezenas du Montcel, S., Baliko, L., Berciano, J., Boesch, S., Depondt, C.,
Giunti, P., Globas, C., Infante, J., Kang, J.-S., Kremer, B., Mariotti, C., Melegh, B.,
Pandolfo, M., Rakowicz, M., Ribai, P., Rola, R., Schols, L., Szymanski, S., . . .
Fancellu, R. (2006). Scale for the assessment and rating of ataxia: Development of a
new clinical scale. Neurology, 66(11), 1717-1720.
https://doi.org/10.1212/01.wnl.0000219042.60538.92

Schultz, W. (1998). Predictive reward signal of dopamine neurons. Journal of Neurophysiology,
80(1), 1-27. https://doi.org/10.1152/jn.1998.80.1.1

Schultz, W., Apicella, P., & Ljungberg, T. (1993). Responses of monkey dopamine neurons to
reward and conditioned stimuli during successive steps of learning a delayed response
task. The Journal of Neuroscience, 13(3), 900-913.
https://doi.org/10.1523/INEUROSCI.13-03-00900.1993

Schultz, W., Tremblay, L., & Hollerman, J. R. (1998). Reward prediction in primate basal
ganglia and frontal cortex. Neuropharmacology, 37(4-5), 421-429.
https://doi.org/10.1016/s0028-3908(98)00071-9

Seifert, S., Cramon, D. Y. von, Imperati, D., Tittgemeyer, M., & Ullsperger, M. (2011).
Thalamocingulate interactions in performance monitoring. 7he Journal of
Neuroscience, 31(9), 3375-3383. https://doi.org/10.1523/INEUROSCI.6242-10.2011

Sendhilnathan, N., Semework, M., Goldberg, M. E., & Ipata, A. E. (2020). Neural Correlates of
Reinforcement Learning in Mid-lateral Cerebellum. Neuron, 106(6), 1055.
https://doi.org/10.1016/j.neuron.2020.05.021

Sereno, M. 1., Diedrichsen, J., Tachrount, M., Testa-Silva, G., d'Arceuil, H., & De Zeeuw, C.
(2020). The human cerebellum has almost 80% of the surface area of the neocortex.
PNAS, 1-6. https://doi.org/10.1073/pnas.2002896117

Sescousse, G., Caldu, X., Segura, B., & Dreher, J.-C. (2013). Processing of primary and
secondary rewards: A quantitative meta-analysis and review of human functional
neuroimaging studies. Neuroscience and Biobehavioral Reviews, 37(4), 681—696.
https://doi.org/10.1016/j.neubiorev.2013.02.002

Sescousse, G., Redouté, J., & Dreher, J.-C. (2010). The architecture of reward value coding in
the human orbitofrontal cortex. The Journal of Neuroscience, 30(39), 13095-13104.
https://doi.org/10.1523/JINEUROSCI.3501-10.2010

95



References

Shao, R., Sun, D., & Lee, T. M. C. (2016). The interaction of perceived control and Gambler's
fallacy in risky decision making: An fMRI study. Human Brain Mapping, 37(3), 1218—
1234. https://doi.org/10.1002/hbm.23098

Sheu, Y.-S., Liang, Y., & Desmond, J. E. (2019). Disruption of Cerebellar Prediction in Verbal
Working Memory. Frontiers in Human Neuroscience, 13(61), 1-9.
https://doi.org/10.3389/fnhum.2019.00061

Shin, J. H., Kim, H., Lee, S. Y., Yoon, W. T., Park, S.-W., Park, S., Yoo, D., & Lee, J.-Y.
(2024). Impaired cognitive flexibility and disrupted cognitive cerebellum in
degenerative cerebellar ataxias. Brain Communications, 6(2), 1-11.
https://doi.org/10.1093/braincomms/fcac064

Shirota, Y., Hamada, M., Terao, Y., Ohminami, S., Tsutsumi, R., Ugawa, Y., & Hanajima, R.
(2012). Increased primary motor cortical excitability by a single-pulse transcranial
magnetic stimulation over the supplementary motor area. Experimental Brain Research,
219(3), 339-349. https://doi.org/10.1007/s00221-012-3095-7

Siebner, H. R., Hartwigsen, G., Kassuba, T., & Rothwell, J. C. (2009). How does transcranial
magnetic stimulation modify neuronal activity in the brain? Implications for studies of
cognition. Cortex, 45(9), 1035-1042. https://doi.org/10.1016/j.cortex.2009.02.007

Sillitoe, R. V., & Joyner, A. L. (2007). Morphology, molecular codes, and circuitry produce the
three-dimensional complexity of the cerebellum. Annual Review of Cell and
Developmental Biology, 23, 549-5717.
https://doi.org/10.1146/annurev.cellbio.23.090506.123237

Silverman, M. H., Jedd, K., & Luciana, M. (2015). Neural networks involved in adolescent
reward processing: An activation likelihood estimation meta-analysis of functional
neuroimaging studies. Neurolmage, 122, 427-439.
https://doi.org/10.1016/j.neuroimage.2015.07.083

Skinner, B. F. (1938). The behavior of organisms: An experimental analysis. New Y ork:
Appleton-Century.

Sokolov, A. A., Miall, R. C., & Ivry, R. B. (2017). The Cerebellum: Adaptive Prediction for
Movement and Cognition. Trends in Cognitive Sciences, 21(5), 313-332.
https://doi.org/10.1016/j.tics.2017.02.005

Spiti, J., Chumbley, J., Brakowski, J., Dorig, N., Grosse Holtforth, M., Seifritz, E., &

Spinelli, S. (2014). Functional lateralization of the anterior insula during feedback
processing. Human Brain Mapping, 35(9), 4428-4439.
https://doi.org/10.1002/hbm.22484

96



References

Spencer, R. M. C., & Ivry, R. B. (2021). Cerebellum and Timing. In Handbook of the
Cerebellum and Cerebellar Disorders (pp. 1359—1377). Springer International
Publishing. https://doi.org/10.1007/978-3-030-23810-0_52

Stachenfeld, K. L., Botvinick, M. M., & Gershman, S. J. (2017). The hippocampus as a
predictive map. Nature Neuroscience, 20(11), 1643—1653.
https://doi.org/10.1038/nn.4650

Stefanescu, M. R., Dohnalek, M., Maderwald, S., Thiirling, M., Minnerop, M., Beck, A.,
Schlamann, M., Diedrichsen, J., Ladd, M. E., & Timmann, D. (2015). Structural and
functional MRI abnormalities of cerebellar cortex and nuclei in SCA3, SCA6 and
Friedreich's ataxia. Brain, 138, 1182—1197. https://doi.org/10.1093/brain/awv064

Stoodley, C. J. (2012). The cerebellum and cognition: Evidence from functional imaging
studies. Cerebellum, 11(2), 352-365. https://doi.org/10.1007/s12311-011-0260-7

Stoodley, C. J. (2014). Distinct regions of the cerebellum show gray matter decreases in autism,
ADHD, and developmental dyslexia. Frontiers in Systems Neuroscience, 8(92), 1-17.
https://doi.org/10.3389/fnsys.2014.00092

Stoodley, C. J. (2016). The Cerebellum and Neurodevelopmental Disorders. Cerebellum, 15(1),
34-37. https://doi.org/10.1007/s12311-015-0715-3

Stoodley, C. J., MacMore, J. P., Makris, N., Sherman, J. C., & Schmahmann, J. D. (2016).
Location of lesion determines motor vs. Cognitive consequences in patients with
cerebellar stroke. Neurolmage: Clinical, 12, 765-775.
https://doi.org/10.1016/j.nicl.2016.10.013

Stoodley, C. J., & Schmahmann, J. D. (2009). Functional topography in the human cerebellum:
A meta-analysis of neuroimaging studies. Neurolmage, 44(2), 489-501.
https://doi.org/10.1016/j.neuroimage.2008.08.039

Stoodley, C. J., & Schmahmann, J. D. (2010). Evidence for topographic organization in the
cerebellum of motor control versus cognitive and affective processing. Cortex, 46(7),
831-844. https://doi.org/10.1016/j.cortex.2009.11.008

Stoodley, C. J., & Schmahmann, J. D. (2018). Functional topography of the human cerebellum.
Handbook of Clinical Neurology, 154, 59-70. https://doi.org/10.1016/B978-0-444-
63956-1.00004-7

Stoodley, C. J., & Tsai, P. T. (2021). Adaptive Prediction for Social Contexts: The Cerebellar
Contribution to Typical and Atypical Social Behaviors. Annual Review of Neuroscience,
44, 475-493. https://doi.org/10.1146/annurev-neuro-100120-092143

Stoyas, C. A., & La Spada, A. R. (2012). The CAG—polyglutamine repeat diseases: a clinical,
molecular, genetic, and pathophysiologic nosology. In Handbook of Clinical Neurology

(pp. 143-170). Elsevier. https://doi.org/10.1016/b978-0-444-63233-3.00011-7
97



References

Strata, P. (1998). Plasticity of the olivocerebellar pathway. Trends in Neurosciences, 21(9),
407-413. https://doi.org/10.1016/S0166-2236(98)01305-8

Strick, P. L., Dum, R. P., & Fiez, J. A. (2009). Cerebellum and nonmotor function. Annual
Review of Neuroscience, 32,413-434.
https://doi.org/10.1146/annurev.neuro.31.060407.125606

Subramony, S. H. (2007). Sara - a new clinical scale for the assessment and rating of ataxia.
Nature Clinical Practice Neurology, 3(3), 136—137.
https://doi.org/10.1038/ncpneuro0426

Sullivan, R., Yau, W. Y., O'Connor, E., & Houlden, H. (2019). Spinocerebellar ataxia: An
update. Journal of Neurology, 266(2), 533—544. https://doi.org/10.1007/s00415-018-
9076-4

Sutton, R. S. (1988). Learning to Predict by the Methods of Temporal Differences. Machine
Learning, 3(1), 9-44. https://doi.org/10.1007/BF00115009

Sutton, R. S., & Barto, A. (2018). Reinforcement learning: An introduction (Second edition).
Adaptive computation and machine learning. The MIT Press.

Talmi, D., Atkinson, R., & El-Deredy, W. (2013). The Feedback-Related Negativity Signals
Salience Prediction Errors, Not Reward Prediction Errors. The Journal of Neuroscience,
33(19), 8264-8269. https://doi.org/10.1523/INEUROSCI.5695-12.2013

Tan, D., Wei, C., Chen, Z., Huang, Y., Deng, J., Li, J., Liu, Y., Bao, X., Xu, J., Hu, Z.,
Wang, S., Fan, Y., Jiang, Y., Wu, Y., Liu, P., Zhang, Y., Yang, Z., Zhang, H.,
Hong, D., . .. Xiong, H. (2023). Cag Repeat Expansion in THAP11 Is Associated with
a Novel Spinocerebellar Ataxia. Movement Disorders, 38(7), 1282—-1293.
https://doi.org/10.1002/mds.29412

Tanaka, S. C., Doya, K., Okada, G., Ueda, K., Okamoto, Y., & Yamawaki, S. (2004). Prediction
of immediate and future rewards differentially recruits cortico-basal ganglia loops.
Nature Neuroscience, 7(8), 887-893. https://doi.org/10.1038/nn1279

Taswell, C. A., Janssen, M., Murray, E. A., & Averbeck, B. B. (2023). The motivational role of
the ventral striatum and amygdala in learning from gains and losses. Behavioral
Neuroscience, 137(4), 268-280. https://doi.org/10.1037/bne0000558

Tatu, L., Moulin, T., Vuillier, F., & Bogousslavsky, J. (2012). Arterial territories of the human
brain (Vol. 30). https://doi.org/10.1159/000333602

Tellmann, S., Bludau, S., Eickhoff, S., Mohlberg, H., Minnerop, M., & Amunts, K. (2015).
Cytoarchitectonic mapping of the human brain cerebellar nuclei in stereotaxic space and
delineation of their co-activation patterns. Frontiers in Neuroanatomy, 9(54), 1-14.

https://doi.org/10.3389/fhana.2015.00054

98



References

Temesi, J., Gruet, M., Rupp, T., Verges, S., & Millet, G. Y. (2014). Resting and active motor
thresholds versus stimulus-response curves to determine transcranial magnetic
stimulation intensity in quadriceps femoris. Journal of NeuroEngineering and
Rehabilitation, 11(1), 40. https://doi.org/10.1186/1743-0003-11-40

Terao, Y., & Ugawa, Y. (2002). Basic Mechanisms of TMS. Journal of Clinical
Neurophysiology, 19(4), 322-343. https://doi.org/10.1097/00004691-200208000-00006

Thair, H., Holloway, A. L., Newport, R., & Smith, A. D. (2017). Transcranial Direct Current
Stimulation (tDCS): A Beginner's Guide for Design and Implementation. Frontiers in
Neuroscience, 11, 641. https://doi.org/10.3389/tnins.2017.00641

Thieme, A., Faber, J., Sulzer, P., Reetz, K., Dogan, 1., Barkhoff, M., Krahe, J., Jacobi, H.,
Aktories, J.-E., Minnerop, M., Elben, S., van der Veen, R., Miiller, J., Batsikadze, G.,
Konczak, J., Synofzik, M., Roeske, S., & Timmann, D. (2022). The CCAS-scale in
hereditary ataxias: Helpful on the group level, particularly in SCA3, but limited in
individual patients. Journal of Neurology, 269(8), 4363-4374.
https://doi.org/10.1007/s00415-022-11071-5

Thieme, A., Roeske, S., Faber, J., Sulzer, P., Minnerop, M., Elben, S., Jacobi, H., Reetz, K.,
Dogan, 1., Barkhoff, M., Konczak, J., Wondzinski, E., Siebler, M., Mueller, O.,

Sure, U., Schmahmann, J. D., Klockgether, T., Synofzik, M., & Timmann, D. (2020).
Validation of a German version of the Cerebellar Cognitive Affective/ Schmahmann
Syndrome Scale: preliminary version and study protocol. Neurological Research and
Practice, 2(1). https://doi.org/10.1186/542466-020-00071-3

Thieme, A., Thiirling, M., Galuba, J., Burciu, R. G., Goricke, S., Beck, A., Aurich, V.,
Wondzinski, E., Siebler, M., Gerwig, M., Bracha, V., & Timmann, D. (2013). Storage
of a naturally acquired conditioned response is impaired in patients with cerebellar
degeneration. Brain, 136(7), 2063—-2076. https://doi.org/10.1093/brain/awt107

Thoma, P., Bellebaum, C., Koch, B., Schwarz, M., & Daum, 1. (2008). The cerebellum is
involved in reward-based reversal learning. Cerebellum, 7(3), 433—443.
https://doi.org/10.1007/s12311-008-0046-8

Thorndike, E. L. (1898). Animal intelligence: An experimental study of the associative
processes in animals. The Psychological Review, 2(4), 1-109.
https://doi.org/10.1037/h0092987

Timmann, D., Brandauer, B., Hermsdorfer, J., Ilg, W., Konczak, J., Gerwig, M.,

Gizewski, E. R., & Schoch, B. (2008). Lesion-symptom mapping of the human
cerebellum. Cerebellum, 7(4), 602—606. https://doi.org/10.1007/s12311-008-0066-4

99



References

Timmann, D., & Daum, 1. (2007). Cerebellar contributions to cognitive functions: A progress
report after two decades of research. Cerebellum, 6(3), 159-162.
https://doi.org/10.1080/14734220701496448

Timmann, D., Drepper, J., Frings, M., Maschke, M., Richter, S., Gerwig, M., & Kolb, F. P.
(2010). The human cerebellum contributes to motor, emotional and cognitive
associative learning. A review. Cortex, 46(7), 845—857.
https://doi.org/10.1016/j.cortex.2009.06.009

Timmann, D., Drepper, J., Maschke, M., Kolb, F. P., Béring, D., Thilmann, A. F., &

Diener, H. C. (2002). Motor deficits cannot explain impaired cognitive associative
learning in cerebellar patients. Neuropsychologia, 40(7), 788—800.
https://doi.org/10.1016/s0028-3932(01)00181-6

Todd, N. P. M., Govender, S., & Colebatch, J. G. (2018). The human electrocerebellogram
(ECeG) recorded non-invasively using scalp electrodes. Neuroscience Letters, 682,
124-131. https://doi.org/10.1016/j.neulet.2018.06.012

Tran, K. D., Smutzer, G. S., Doty, R. L., & Arnold, S. E. (1998). Reduced Purkinje cell size in
the cerebellar vermis of elderly patients with schizophrenia. The American Journal of
Psychiatry, 155(9), 1288—1290. https://doi.org/10.1176/ajp.155.9.1288

Traschiitz, A., Adarmes-Gomez, A. D., Anheim, M., Baets, J., Brais, B., Gagnon, C., Gburek-
Augustat, J., Doss, S., Hanagasi, H. A., Kamm, C., Klivenyi, P., Klockgether, T.,
Klopstock, T., Minnerop, M., Miinchau, A., Renaud, M., Santorelli, F. M., Schols, L.,
Thieme, A., . . . Synofzik, M. (2023). Responsiveness of the Scale for the Assessment
and Rating of Ataxia and Natural History in 884 Recessive and Early Onset Ataxia
Patients. Annals of Neurology, 94(3), 470—485. https://doi.org/10.1002/ana.26712

Tricomi, E., & Fiez, J. A. (2008). Feedback signals in the caudate reflect goal achievement on a
declarative memory task. Neurolmage, 41(3), 1154-1167.
https://doi.org/10.1016/j.neuroimage.2008.02.066

Trouillas, P., Takayanagi, T., Hallett, M., Currier, R. D., Subramony, S. H., Wessel, K.,

Bryer, A., Diener, H. C., Massaquoi, S., Gomez, C. M., Coutinho, P., Ben Hamida, M.,
Campanella, G., Filla, A., Schut, L., Timann, D., Honnorat, J., Nighoghossian, N., &
Manyam, B. (1997). International Cooperative Ataxia Rating Scale for pharmacological
assessment of the cerebellar syndrome. Journal of the Neurological Sciences, 145(2),
205-211. https://doi.org/10.1016/S0022-510X(96)00231-6

Tsutsumi, S., Hidaka, N., Isomura, Y., Matsuzaki, M., Sakimura, K., Kano, M., & Kitamura, K.
(2019). Modular organization of cerebellar climbing fiber inputs during goal-directed

behavior. ELife, 8, 1-24. https://doi.org/10.7554/eLife.47021

100



References

Tucker, J., Harding, A. E., Jahanshahi, M., Nixon, P. D., Rushworth, M., Quinn, N. P.,
Thompson, P. D., & Passingham, R. E. (1996). Associative learning in patients with
cerebellar ataxia. Behavioral Neuroscience, 110(6), 1229—-1234.
https://doi.org/10.1037/0735-7044.110.6.1229

Tunc, S., Baginski, N., Lubs, J., Bally, J. F., Weissbach, A., Baaske, M. K., Tadic, V.,
Briiggemann, N., Bdumer, T., Beste, C., & Miinchau, A. (2019). Predictive coding and
adaptive behavior in patients with genetically determined cerebellar ataxia - A
neurophysiology study. Neurolmage: Clinical, 24(102043), 1-8.
https://doi.org/10.1016/j.nicl.2019.102043

Tunik, E., Rice, N. J., Hamilton, A., & Grafton, S. T. (2007). Beyond grasping: Representation
of action in human anterior intraparietal sulcus. Neurolmage, 36, T77-T86.
https://doi.org/10.1016/j.neuroimage.2007.03.026

Turner, B. M., Paradiso, S., Marvel, C. L., Pierson, R., Boles Ponto, L. L., Hichwa, R. D., &
Robinson, R. G. (2007). The cerebellum and emotional experience. Neuropsychologia,
45(6), 1331-1341. https://doi.org/10.1016/j.neuropsychologia.2006.09.023

Ugawa, Y., Day, B. L., Rothwell, J. C., Thompson, P. D., Merton, P. A., & Marsden, C. D.
(1991). Modulation of motor cortical excitability by electrical stimulation over the
cerebellum in man. The Journal of Physiology, 441(1), 57-72.
https://doi.org/10.1113/jphysiol.1991.sp018738

Ugawa, Y., Uesaka, Y., Terao, Y., Hanajima, R., & Kanazawa, 1. (1995). Magnetic stimulation
over the cerebellum in humans. Annals of Neurology, 37(6), 703—713.
https://doi.org/10.1002/ana.410370603

Ullsperger, M., & Cramon, D. Y. von (2001). Subprocesses of performance monitoring: A
dissociation of error processing and response competition revealed by event-related
fMRI and ERPs. Neurolmage, 14(6), 1387-1401.
https://doi.org/10.1006/nimg.2001.0935

Ullsperger, M., & Cramon, D. Y. von (2006). The role of intact frontostriatal circuits in error
processing. Journal of Cognitive Neuroscience, 18(4), 651-664.
https://doi.org/10.1162/jocn.2006.18.4.651

Ullsperger, M., Danielmeier, C., & Jocham, G. (2014). Neurophysiology of performance
monitoring and adaptive behavior. Physiological Reviews, 94(1), 35-79.
https://doi.org/10.1152/physrev.00041.2012

Ullsperger, M., Fischer, A. G., Nigbur, R., & Endrass, T. (2014). Neural mechanisms and
temporal dynamics of performance monitoring. Trends in Cognitive Sciences, 18(5),

259-267. https://doi.org/10.1016/j.tics.2014.02.009

101



References

Vaidya, A. R., Pujara, M. S., Petrides, M., Murray, E. A., & Fellows, L. K. (2019). Lesion
Studies in Contemporary Neuroscience. Trends in Cognitive Sciences, 23(8), 653—671.
https://doi.org/10.1016/j.tics.2019.05.009

van der Zwaag, W., Timmann, D., Deistung, A., & Priovoulos, N. (2023). Cerebellar imaging at
ultra-high magnetic fields. In Advances in Magnetic Resonance Technology and
Applications. Ultra-High Field Neuro MRI (Vol. 10, pp. 245-258). Elsevier.
https://doi.org/10.1016/B978-0-323-99898-7.00014-6

van Dun, K., Bodranghien, F., Manto, M., & Marién, P. (2017). Targeting the Cerebellum by
Noninvasive Neurostimulation: A Review. Cerebellum, 16(3), 695-741.
https://doi.org/10.1007/s12311-016-0840-7

van Overwalle, F., D'aes, T., & Marién, P. (2015). Social cognition and the cerebellum: A meta-
analytic connectivity analysis. Human Brain Mapping, 36(12), 5137-5154.
https://doi.org/10.1002/hbm.23002

van Overwalle, F., Manto, M., Cattaneo, Z., Clausi, S., Ferrari, C., Gabrieli, J. D. E., Guell, X.,
Heleven, E., Lupo, M., Ma, Q., Michelutti, M., Olivito, G., Pu, M., Rice, L. C.,
Schmahmann, J. D., Siciliano, L., Sokolov, A. A., Stoodley, C. J., van Dun, K., . . .
Leggio, M. (2020). Consensus Paper: Cerebellum and Social Cognition. Cerebellum,
19(6), 833-868. https://doi.org/10.1007/s12311-020-01155-1

van Overwalle, F., van de Steen, F., & Marién, P. (2019). Dynamic causal modeling of the
effective connectivity between the cerebrum and cerebellum in social mentalizing
across five studies. Cognitive, Affective & Behavioral Neuroscience, 19(1), 211-223.
https://doi.org/10.3758/s13415-018-00659-y

van Prooije, T., Ibrahim, N. M., Azmin, S., & van de Warrenburg, B. P. C. (2021).
Spinocerebellar ataxias in Asia: Prevalence, phenotypes and management.
Parkinsonism & Related Disorders, 92, 112—118.
https://doi.org/10.1016/j.parkreldis.2021.10.023

van Veen, V., & Carter, C. S. (2002). The anterior cingulate as a conflict monitor: FMRI and
ERP studies. Physiology & Behavior, 77(4-5), 477-482. https://doi.org/10.1016/s0031-
9384(02)00930-7

Veniero, D., Bortoletto, M., & Miniussi, C. (2009). TMS-EEG co-registration: On TMS-
induced artifact. Clinical Neurophysiology, 120(7), 1392—1399.
https://doi.org/10.1016/j.clinph.2009.04.023

Verleger, R., Kuniecki, M., Mdller, F., Fritzmannova, M., & Siebner, H. R. (2009). On how the
motor cortices resolve an inter-hemispheric response conflict: An event-related EEG
potential-guided TMS study of the flankers task. The European Journal of
Neuroscience, 30(2), 318-326. https://doi.org/10.1111/.1460-9568.2009.06817.x

102



References

Vidal, F., Hasbroucq, T., Grapperon, J., & Bonnet, M. (2000). Is the ‘error negativity’ specific
to errors? Biological Psychology, 51(2-3), 109-128. https://doi.org/10.1016/s0301-
0511(99)00032-0

Voogd, J. (2003). The human cerebellum. Journal of Chemical Neuroanatomy, 26(4), 243-252.
https://doi.org/10.1016/j.jchemneu.2003.07.005

Wagner, M. J., Kim, T. H., Savall, J., Schnitzer, M. J., & Luo, L. (2017). Cerebellar granule
cells encode the expectation of reward. Nature, 544(7648), 96—100.
https://doi.org/10.1038/nature21726

Wallace, B. C., Small, K., Brodley, C. E., Lau, J., & Trikalinos, T. A. (2012). Deploying an
interactive machine learning system in an evidence-based practice center. Proceedings
of the 2nd ACM SIGHIT International Health Informatics Symposium, 819-824.
https://doi.org/10.1145/2110363.2110464

Walter, J. T., & Khodakhah, K. (2006). The Linear Computational Algorithm of Cerebellar
Purkinje Cells. The Journal of Neuroscience, 26(50), 12861-12872.
https://doi.org/10.1523/INEUROSCI.4507-05.2006

Wang, H., Wang, X., & Scheich, H. (1996). Ltd and LTP induced by transcranial magnetic
stimulation in auditory cortex. NeuroReport, 7(2), 521-525.
https://doi.org/10.1097/00001756-199601310-00035

Watabe-Uchida, M., Zhu, L., Ogawa, S. K., Vamanrao, A., & Uchida, N. (2012). Whole-brain
mapping of direct inputs to midbrain dopamine neurons. Neuron, 74(5), 858—873.
https://doi.org/10.1016/j.neuron.2012.03.017

Weber, C., & Bellebaum, C. (2024). Prediction-error-dependent processing of immediate and
delayed positive feedback. Scientific Reports, 14(9674), 1-15.
https://doi.org/10.1038/s41598-024-60328-8

Weismiiller, B., & Bellebaum, C. (2016). Expectancy affects the feedback-related negativity
(FRN) for delayed feedback in probabilistic learning. Psychophysiology, 53(11), 1739—
1750. https://doi.org/10.1111/psyp.12738

Wessel, M. J., & Hummel, F. C. (2018). Non-invasive Cerebellar Stimulation: A Promising
Approach for Stroke Recovery? Cerebellum, 17(3), 359-371.
https://doi.org/10.1007/s12311-017-0906-1

Wolfs, E. M., van der Zwaag, W., Priovoulos, N., Klaus, J., & Schutter, D. J. (2023). The
cerebellum during provocation and aggressive behaviour: A 7 T fMRI study. Imaging
Neuroscience, 1, 1-18. https://doi.org/10.1162/imag_a 00044

Wolpert, D. M., & Miall, R. C. (1996). Forward Models for Physiological Motor Control.
Neural Networks, 9(8), 1265—1279. https://doi.org/10.1016/s0893-6080(96)00035-4

103



References

Wolpert, D. M., Miall, R. C., & Kawato, M. (1998). Internal models in the cerebellum. Trends
in Cognitive Sciences, 2(9), 338-347. https://doi.org/10.1016/S1364-6613(98)01221-2

World Medical Association (2013). World Medical Association Declaration of Helsinki: Ethical
principles for medical research involving human subjects. JAMA, 310(20), 2191-2194.
https://doi.org/10.1001/jama.2013.281053

Wu, W, Keller, C. J., Rogasch, N. C., Longwell, P., Shpigel, E., Rolle, C. E., & Etkin, A.
(2018). Artist: A fully automated artifact rejection algorithm for single-pulse TMS-EEG
data. Human Brain Mapping, 39(4), 1607—1625. https://doi.org/10.1002/hbm.23938

Wynn, S. C., Driessen, J. M. A., Glennon, J. C., Brazil, I. A., & Schutter, D. J. L. G. (2019).
Cerebellar Transcranial Direct Current Stimulation Improves Reactive Response
Inhibition in Healthy Volunteers. Cerebellum, 18(6), 983—-988.
https://doi.org/10.1007/s12311-019-01047-z

Yeung, N., Bogacz, R., Holroyd, C. B., Nieuwenhuis, S., & Cohen, J. D. (2007). Theta phase
resetting and the error-related negativity. Psychophysiology, 44(1), 39—49.
https://doi.org/10.1111/j.1469-8986.2006.00482.x

Yeung, N., Botvinick, M. M., & Cohen, J. D. (2004). The Neural Basis of Error Detection:
Conflict Monitoring and the Error-Related Negativity. Psychological Review, 111(4),
931-959. https://doi.org/10.1037/0033-295x.111.4.931

Yoshida, J., Ofiate, M., Khatami, L., Vera, J., Nadim, F., & Khodakhah, K. (2022). Cerebellar
Contributions to the Basal Ganglia Influence Motor Coordination, Reward Processing,
and Movement Vigor. The Journal of Neuroscience, 42(45), 8406-8415.
https://doi.org/10.1523/INEUROSCI.1535-22.2022

Zang, Y., & Schutter, E. de (2023). Recent data on the cerebellum require new models and
theories. Current Opinion in Neurobiology, 82(102765), 1-8.
https://doi.org/10.1016/j.conb.2023.102765

Zanni, G., & Bertini, E. S. (2011). X-linked disorders with cerebellar dysgenesis. Orphanet
Journal of Rare Diseases, 6(24), 1-11. https://doi.org/10.1186/1750-1172-6-24

Zeng, J., Yan, J., Cao, H., Su, Y., Song, Y., Luo, Y., & Yang, X. (2022). Neural substrates of
reward anticipation and outcome in schizophrenia: A meta-analysis of fMRI findings in
the monetary incentive delay task. Translational Psychiatry, 12(448), 1-14.
https://doi.org/10.1038/s41398-022-02201-8

Zhou, Z., Yu, R., & Zhou, X. (2010). To do or not to do? Action enlarges the FRN and P300
effects in outcome evaluation. Neuropsychologia, 48(12), 3606-3613.
https://doi.org/10.1016/j.neuropsychologia.2010.08.010

Ziemann, U., li¢, T. V., & Jung, P. (2006). Chapter 3 Long-term potentiation (LTP)-like

plasticity and learning in human motor cortex — investigations with transcranial
104



References

magnetic stimulation (TMS) (Vol. 59).
https://www.sciencedirect.com/science/article/pii/S1567424X09700078
https://doi.org/10.1016/S1567-424X(09)70007-8

Zwiers, M. P., Moia, S., & Oostenveld, R. (2022). Bidscoin: A User-Friendly Application to
Convert Source Data to Brain Imaging Data Structure. Front. Neuroinformatics,

15(770608), 1-12. https://doi.org/10.3389/fninf.2021.770608

105



Affidavit

8 Affidavit

Eidesstattliche Erklarung gemif § 5 der Promotionsordnung vom 15.06.2018 der
Mathematisch-Naturwissenschaftlichen Fakultéit der Heinrich-Heine-Universitéit

Diisseldorf:

Ich versichere an Eides Statt, dass die Dissertation von mir selbstindig und

ohne unzulissige fremde Hilfe unter Beachtung der ,,Grundsétze zur Sicherung
guter wissenschaftlicher Praxis an der Heinrich-Heine-Universitit Diisseldorf™
erstellt worden ist. Die Dissertation wurde in der vorliegenden oder dhnlichen Form
noch bei keiner anderen Institution eingereicht. Ich habe bisher keine erfolglosen

Promotionsversuche unternommen.

Diisseldorf, den

Datum Adam Michael Berlijn

106



Appendix

9 Appendix

Original article of study 1

Berlijn, A. M., Huvermann, D. M., Schneider, S., Bellebaum, C., Timmann, D., Minnerop, M., &
Peterburs, J. (2024). The role of the human cerebellum for learning from and processing
of external feedback in non-motor learning: a systematic review. The Cerebellum.

https://doi.org/10.1007/s12311-024-01669-y

I was the corresponding and first author and wrote the initial draft of the manuscript. My co-
authors and I planned the review, rated the abstracts, the full-text papers, and extracted the
reviewed data. All authors contributed to manuscript revision, discussion and interpretation of

results and approved the final version of the manuscript.
Original article of study 2

Berlijn, A. M., Huvermann, D. M., Groiss, S. J., Schnitzler, A., Mittelstaedt, M., Bellebaum, C.,
Timmann, D., Minnerop, M., & Peterburs, J. (2024). The effect of cerebellar TMS on
error processing: A combined single-pulse TMS and ERP Study. Imaging Neuroscience,
2, 1-19. https://doi.org/10.1162/imag_a 00080

I was the corresponding author, and shared the first authorship with my colleague D.H. My co-
authors and I created the experimental setup. I programmed the experimental task. D.H. and |
conducted the data acquisition, statistical analysis, and we wrote the first draft of the manuscript
and interpreted the results. All authors contributed to results, discussion, interpretation, revision,

and read and approved the final version of the manuscript.
Original article of study 3

Berlijn, A. M., Huvermann, D. M., Bechler, E., Thieme, A., Schnitzler, A., Bellebaum, C.,
Timmann, D., Minnerop, M., & Peterburs, J. (2024). Impaired reinforcement learning and
coding of prediction errors in patients with cerebellar degeneration - a study with EEG

and voxel-based morphometry. Manuscript submitted for publication.

I was the corresponding and first author and wrote the first draft of the manuscript. My co-authors
and I planned the experimental design. | programmed the experimental task, conducted the data
acquisition, statistical analysis, interpreted the results and wrote the first draft of the manuscript.
All authors contributed to results, discussion, interpretation, revision, and read and approved the

final version of the manuscript.

107


https://doi.org/10.1007/s12311-024-01669-y
https://doi.org/10.1162/imag_a_00080




The Cerebellum (2024) 23:1532-1551
https://doi.org/10.1007/512311-024-01669-y

RESEARCH q

Check for
updates

The Role of the Human Cerebellum for Learning from and Processing
of External Feedback in Non-Motor Learning: A Systematic Review

Adam M. Berlijn">*. Dana M. Huvermann'~ - Sandra Schneider' - Christian Bellebaum' - Dagmar Timmann?® -
Martina Minnerop?3# . Jutta Peterburs'®

Accepted: 7 February 2024 / Published online: 20 February 2024
© The Author(s) 2024

Abstract

This review aimed to systematically identify and comprehensively review the role of the cerebellum in performance moni-
toring, focusing on learning from and on processing of external feedback in non-motor learning. While 1078 articles were
screened for eligibility, ultimately 36 studies were included in which external feedback was delivered in cognitive tasks and
which referenced the cerebellum. These included studies in patient populations with cerebellar damage and studies in healthy
subjects applying neuroimaging. Learning performance in patients with different cerebellar diseases was heterogeneous, with
only about half of all patients showing alterations. One patient study using EEG demonstrated that damage to the cerebellum
was associated with altered neural processing of external feedback. Studies assessing brain activity with task-based fMRI or
PET and one resting-state functional imaging study that investigated connectivity changes following feedback-based learn-
ing in healthy participants revealed involvement particularly of lateral and posterior cerebellar regions in processing of and
learning from external feedback. Cerebellar involvement was found at different stages, e.g., during feedback anticipation and
following the onset of the feedback stimuli, substantiating the cerebellum’s relevance for different aspects of performance
monitoring such as feedback prediction. Future research will need to further elucidate precisely how, where, and when the
cerebellum modulates the prediction and processing of external feedback information, which cerebellar subregions are par-
ticularly relevant, and to what extent cerebellar diseases alter these processes.

Keywords Cerebellum - Performance monitoring - Reinforcement learning - Cognition - Feedback-based learning -
Cerebellar ataxia

Introduction

< Adam M. Berlijn
berlijn@uni-duesseldorf.de Cerebellar contributions to non-motor functions have been
extensively investigated over the past decades [e.g., 1-4].
These contributions were highlighted by several consensus
reviews and meta-analyses centered on the role of the cer-

ebellum for perception [5], language [6], emotion [7], social
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cognition [8, 9], and higher cognitive function in general
[10]. Cerebellar damage does not only impair (sensori-)
motor functions [11, 12], but also affects the cognitive,
emotional, and behavioral domains, albeit dependent on the
localization and severity of the cerebellar disease [13, 14].
For example, damage to the posterior lobe and vermis of the
cerebellum is associated with deficits in executive functions
such as task-switching, which was described in terms of the
cerebellar cognitive affective syndrome [CCAS: 15, for a
meta-analysis see 16].
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Neuroanatomical studies revealed multiple neuronal
pathways [cerebral-ponto-cerebellar and cerebello-thalamo-
cerebral pathways, respectively; 17, 18] as the foundation
for functional interactions between the cerebellum and non-
motor cerebral areas [19-21]. The functional relationship
between cerebellar and cerebral structures was initially
conceptualized as a forward model of motor control that
was later extended to also apply to the non-motor, cognitive
domain [22]. In the motor domain, the cerebellum is thought
to underlie sensorimotor integration. According to the for-
ward model, the cerebellum predicts the sensory outcomes
of movements based on efference copies of motor commands
and adapts behavior based on mismatches between these pre-
dictions and the actual sensory outcomes [22-25]. A com-
parison between intended and actual action consequences
is also thought to underlie the processing of performance
errors, i.e., when instead of an intended response (e.g., but-
ton press with the left index finger) an alternative action is
performed (e.g., button press with the right index finger).
Cerebellar involvement specifically in error processing has
been addressed in some patient studies. These studies pro-
vided initial evidence for altered error processing in patients
with cerebellar degenerative disease [26, 27 for somewhat
conflicting results], and with focal vascular lesions of the
cerebellum [28]. Higher cognitive functions such as task-
switching and adaptive control of behavior heavily rely on
the detection and processing of errors. The cerebellar con-
tribution to error processing may thus be one mechanism
by which the cerebellum supports non-motor, cognitive
functions.

In many situations, for example in unfamiliar conditions
when an individual does not yet know which actions are cor-
rect and incorrect, performance errors cannot be identified
directly at response onset, or merely based on internal infor-
mation such as efference copies. In such cases, the individual
must rely on external feedback, which can be provided as
simple performance feedback (e.g., “correct” vs. “wrong”)
or as (monetary) reward or punishment. Here, external
feedback can be considered a cognitive consequence of
an action, and learning from such feedback for successful
behavioral adaptation depends on feedback prediction. Spe-
cifically, if the actual feedback does not match the predicted
feedback, the behavior needs to be changed. Given its role
in generating predictions (see above), the cerebellum may
be involved in generating and processing such feedback pre-
dictions errors. Indeed, recent evidence on the cellular level
in mammals revealed that different cerebellar cell popula-
tions were sensitive to reward predictions and reward predic-
tion violations [29, 30]. In this context, the large inhibitory
Purkinje cells play a prominent role because they represent
the only output neurons of the cerebellar cortex. Their mas-
sive dendrite trees in the molecular layer of the cerebellar
cortex receive excitatory sensory input from two distinct

fiber systems: glutamatergic climbing fibers originating
from the inferior olive and glutamatergic mossy fibers that
are connected via granular cells to parallel fibers, forming
synapses with the dendrite trees of the Purkinje cells. The
inhibitory axons of the Purkinje cells project in turn to the
deep cerebellar nuclei, which subsequently send excitatory
fibers to a broad variety of extra-cerebellar regions. In par-
ticular, the ventral part of the dentate nucleus [19] is likely
involved in non-motor processes such as predicting feed-
back by transmitting information to higher cortical structures
like the associative regions of the cerebrum [e.g., via the
cerebello-thalamo-cortical pathway: 18]. Recent reviews
summarize evidence from mammals during learning from
feedback [30, 31] that show coding of rewards and reward
predictions in several cerebellar cell populations (e.g., gran-
ular cells, Purkinje cells, nuclear neurons). It has recently
been proposed that cerebellar projections to the ventral teg-
mental area (VTA) may play a role in reward-based learning
[32]. Specifically, these projections modulate the release of
dopamine in the VTA, and dopamine is critically involved
in coding reward prediction errors and reward value [e.g.,
33]. Moreover, dopamine is also linked to movement vigor
[34], possibly providing a link between coding of rewards
and translation into behavioral output. Cerebellar reward sig-
nals that are transmitted to the dopaminergic midbrain and
specifically the basal ganglia, a group of subcortical cerebral
nuclei critically involved in reward processing and in per-
formance monitoring in general [35], are well in line with
the idea put forward by Peterburs and Desmond [36] that
performance monitoring may be a core, domain-independent
function of the cerebellum.

The terminology used in previous studies on perfor-
mance monitoring has been inconsistent. For instance,
while Fromer et al. [37] use the term “performance moni-
toring” to describe the internal evaluation of one’s own
actions, Peterburs and Desmond [36] define performance
monitoring as set of cognitive and affective functions
underlying adaptive control of behavior that includes, but
is not limited to, error and feedback processing. When
reviewing and summarizing the existent work on the cer-
ebellum’s involvement in such processes, it is thus neces-
sary to precisely define these terms. Figure 1 provides a
taxonomy and detailed explanation of key terms and con-
cepts in the present review. In this taxonomy, performance
monitoring is a subdomain of executive control that incor-
porates both, the processing of internal information for
response evaluation as well as the processing of external
feedback stimuli.

The present review focuses on processing of external
feedback to enable learning in the non-motor domain.
Typical experimental tasks used in this regard include
probabilistic learning tasks and reversal learning tasks
with abstract visual stimuli [e.g., 38, 39] or a combination
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Fig. 1 Taxonomy of perfor-
mance monitoring and key
terms and concepts used in the
present review. Crucially, the
present review is focused on
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of both [e.g., probabilistic reversal learning task; 40]. Fig-
ure 2 provides a schematic illustration of the sequence of
stimulus presentation in one trial of a generic feedback
learning task. After fixation, an abstract visual stimulus
is presented, and subjects need to make a response (e.g.,
press one of two or more response buttons) which is fol-
lowed by explicit feedback. Over the course of these tasks,
feedback predictions/expectations are formed in the period
between response execution and feedback presentation
(anticipation stage). They are continuously adapted and
may directly affect the (neural) processing of feedback
stimuli in the outcome stage. Along these lines, brain
activation or neural responses that arise in response to
cues signaling the impending delivery of specific feedback
stimuli reflect feedback predictions [e.g., monetary incen-
tive delay task from 41].

It is also helpful to consider which types of studies can
provide insight into the role of the cerebellum in feedback
processing and feedback-based learning in humans: First,
patient studies, for example in individuals with cerebellar
lesions [e.g., 42], can characterize deficits that result from
cerebellar damage.

Fig.2 Sequence of stimu- Fixation
lus presentation in a generic
feedback learning task in which
abstract visual stimuli are
presented upon which sub-
jects choose between different
response options and receive
explicit feedback about their
choice

€ @ Springer

Learning from
external feedback

Second, task-based fMRI studies in healthy subjects can
shed light on cerebellar activations and cerebello-cerebral
interactions associated with the processing of feedback stim-
uli, e.g., in the context of reversal learning [39]. Regarding
the interpretation of cerebellar activations assessed with
fMRYI, it is useful to keep in mind that granule cell metabo-
lism accounts for most of the energy consumption in the
cerebellar cortex [43], and that cerebellar cortical BOLD
activation consistently lags behind cerebral activation in
connected regions [44]. Thus, the BOLD signal of the cer-
ebellar cortex can be seen as predominantly a reflection of
its aggregate input via the ponto-cerebellar pathway. Of note,
some previous fMRI studies did not report any cerebellar
activations in tasks involving feedback-based learning [45,
46] or excluded the cerebellum entirely from the data acqui-
sition [47]. Also, a review [48] and two activation likelihood
estimation meta-analyses covering a broad variety of studies
on learning from reward feedback analyzing specific reward
types [e.g., monetary, food, erotic: 49] and different stages
(e.g., reward anticipation and receipt) and aspects (e.g.,
valence) of reward processing in adolescents [50] did not
report any cerebellar activations.

’ Anticipation stage H Outcome stage
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Third, patient studies can also be combined with other
methods, e.g., neuroimaging techniques such as fMRI or
electroencephalography (EEG), in order to find out, in
how far cerebellar damage affects brain responses to exter-
nal feedback stimuli. For example, Rustemeier et al. [51]
recorded brain activity in cerebellar lesion patients using
EEQG, assessing specific event-related potential (ERP) com-
ponents that reflect feedback processing such as the feed-
back-related negativity [FRN: 52].

Last, studies using non-invasive brain stimulation tech-
niques such as transcranial magnetic stimulation (TMS) or
transcranial direct current stimulation (tDCS) applied to the
cerebellum in the context of tasks involving processing of
and learning from external feedback can also inform about
cerebellar involvement in these processes. TMS can be used
for both facilitation [53] or disruption of neuronal processes
[54]. Most commonly, TMS is used to induce a temporary
“virtual lesion” of a target brain area. TMS effects are very
localized and can be observed immediately. Single-pulse
TMS can be incorporated into fast-paced tasks in a trial-by-
trial manner [55]. tDCS effects generally are less localized
and build up over time. Since this technique alters the excit-
ability threshold of neurons, it can also be used to facilitate
(anodal tDCS) or inhibit activity (cathodal tDCS) in target
brain regions [56]. Along these lines, tDCS or TMS applied
to the cerebellum can directly manipulate cerebellar involve-
ment in feedback learning and feedback processing. A meta-
analysis by Gatti et al. [57] showed moderate effects sizes
for cerebellar TMS on responses times and accuracy in dif-
ferent cognitive tasks, e.g., working memory and other tasks
assessing executive functions. Regarding tDCS, Mannarelli
et al. [58] showed effects of cerebellar cathodal stimulation
(compared to sham) on the N2 ERP component in the EEG
signal. The N2 is seen as an indicator of response inhibition
which was also considered to be a subdomain of perfor-
mance monitoring [36]. Hence, is stands to reason that this
fronto-central ERP component and likely other ERP com-
ponents originating in cingulate structures in the context of
performance monitoring error-related negativity, ERN/Ne:
[59, 60] and feedback-related negativity, FRN: [61], can be
modulated by non-invasive brain stimulation in a task-based
fashion.

In general, the substantial heterogeneity in previous find-
ings, along with the variety of methodological approaches
used in the previous works, clearly illustrates the need for
a comprehensive review and systematization of cerebellar
involvement in processing of and learning from external
feedback. To this end, we systematically surveyed and inte-
grated previous findings using a systematic review approach.
We included patient studies to address possible alterations
in behavioral performance and neuronal activation resulting
from cerebellar damage. Studies using neuroimaging tech-
niques such as fMRI and PET were also included if they

involved feedback-based learning. Importantly, only studies
were included in which external feedback on task perfor-
mance was presented to enable human subjects (patients
or healthy subjects) to adapt and optimize their behavior.
Patient studies were restricted to those conducted in indi-
viduals with isolated cerebellar disease.

Aside from closing an important gap in the literature, the
strength of the present review is the discussion of imaging
studies that have not primarily focused on the cerebellum
as a region of interest. Indeed, several previous studies col-
lected and reported data on the cerebellum but did not dis-
cuss them in detail [e.g., 40, 62], even though these findings
may provide important insights into the cerebellum’s role
in feedback processing and feedback learning. Ultimately, a
more comprehensive understanding of cerebellar contribu-
tions to executive functions such as performance monitoring
may have direct clinical relevance, as it can help inform,
advance, and optimize treatment options for patients with
diverse cerebellar diseases.

A preregistration of this review, including a detailed
description of inclusion/exclusion criteria and hypotheses,
can be found on osf.org (osf.io/2v{g8).

Hypotheses

In general, we expected findings to support direct cerebel-
lar involvement in processing of and learning from exter-
nal feedback in a non-motor context. In detail, we expected
altered behavioral performance on cognitive feedback-based
learning tasks in cerebellar patients. Of note, prior work
hinted at the presence of compensatory processes likely
relying on structural and/or functional reorganization in
patients with chronic, focal cerebellar lesions [28, 63, 64].
We therefore expected altered behavioral performance on
cognitive feedback-based learning tasks only in patients with
progressive cerebellar degeneration as observed for error
processing by Peterburs et al. [26] but not in patients with
chronic focal cerebellar lesions.

Based on findings reported by Rustemeier et al. [51],
we also expected to find alterations in EEG activity in
patients with cerebellar degeneration compared to healthy
controls during performance of tasks involving feedback
processing and feedback-based learning. Specifically, we
expected alterations in ERP components associated with
feedback processing [e.g., FRN, 52, 61, 65], P300, [66,
67], and in time—frequency data/oscillations [68, 69]. In
addition, fMRI studies conducted in patients with cere-
bellar damage (particularly due to progressive degenera-
tion) should report altered activation patterns in response
to feedback stimuli relative to healthy controls. Unfor-
tunately, we did not find any other electrophysiological
studies and no patient study using imaging that fulfilled
our inclusion criteria.
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Furthermore, we expected fMRI studies in healthy par-
ticipants to yield activations in the cerebellum and/or in cer-
ebral regions connected with the cerebellum via cerebellar-
cerebral networks during tasks involving the processing of
external feedback [e.g., 39]. We expected to find cerebellar
activations before feedback presentation, thus in the expec-
tation phase, and upon feedback delivery. We also expected
feedback-related activity to predominantly involve postero-
lateral regions of the cerebellum. According to a functional
cerebellar topography, these regions are more involved in
complex, higher cognitive/non-motor functions [20].

Last, we would expect non-invasive cerebellar stimula-
tion by either cathodal/anodal tDCS [see 70] or TMS (either
single or double pulses that are delivered during task perfor-
mance, or repetitive stimulation prior to task performance)
to alter feedback processing and/or feedback learning in
healthy subjects.

Methods

This systematic review followed the guidelines of the
PRISMA statement (Preferred Reporting Items for System-
atic Reviews and Meta-Analyses [71]. A meta-analysis was
not conducted due to diversity of experimental paradigms
and heterogeneity in samples and methods. Eligibility cri-
teria were assessed using the PICO framework (Patient,
Intervention, Comparison, Outcome framework [72], see
Table 1). Beyond the PICO framework, only full-text articles
that were primary studies reporting original results (e.g., no
reviews/meta-analyses) were included. Moreover, only stud-
ies collecting and analyzing quantitative data that were pub-
lished in peer-reviewed journals and were available in the
English language were considered. Studies focusing purely

on the sensory and motor capabilities of the cerebellum and
studies including patients with extra-cerebellar lesions were
not included.

Information Sources

PubMed Database was used to identify relevant articles
using the PubMed Advanced Search Builder and the build-
ing block approach in which keywords are grouped accord-
ing to a superordinate term (see Table 2). Further, possibly
relevant studies known to the authors were added to the
outcome table for the third and final screening round (see
below). Only studies that existed prior to the preregistration
of this systematic review were used (until 01.07.2021).

Search Strategy

To identify relevant search terms, candidate search terms
were created and structured according to the building block
approach (see Table 2). Search terms were thematically
grouped into three distinct key concepts: cerebellum, feed-
back processing, and performance monitoring. We then
manually screened titles in the reference list of Peterburs
and Desmond [36] for search terms related to each concept.
Each list of candidate search terms was then expanded by
adding relevant MeSH (Medical Subject Headings) terms
and/or other relevant synonyms related to each key concept
(see Table 2). After candidate search terms had been identi-
fied, we searched each key concept one at a time by applying
an OR operator between search terms, followed by combin-
ing all concepts including the respective keywords with the
AND operator for the combined search. In addition, search
results were filtered in PubMed to only include studies pub-
lished in English with human subjects. The initial search led

Table 1 PICO framework .
Population

Humans

Adult participants (> 18 years old)

Healthy subjects and patients with a cerebellar disease/lesion

Intervention

Studies using feedback paradigms like: Reversal learning task, Probabilistic feedback learning task,

Wisconsin Card Sorting Test, Weather prediction task, etc
Studies using fMRI, EEG, TMS, tDCS and other methods investigating the cerebellum

Comparators

Healthy and/or clinical comparison groups

Outcomes

Behavioral data: Accuracy, response times
Electrophysiological data: Event-related potentials (ERPs; FRN, ERN, P300), Neural oscillations
Neuroimaging data: Brain activation patterns

Individuals from the healthy control group must not present with any neurologic, psychological, or neu-
ropsychiatric disorder. Individuals from the clinical control group must be diagnosed with a purely cerebel-

lar disease/stroke
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Table 2 Building block approach for the search strategy

Concept 1: Cerebellum

"Cerebellum"[Mesh] OR "Cerebellar Ataxia"[Mesh] OR Cerebellum OR Cerebellar OR Cerebellar ataxia OR Cerebellar hemispheres

Concept 2: Feedback processing

"Feedback, Psychological"[Mesh] OR "Formative Feedback"[Mesh] OR feedback OR “Feedback processing*”’[tw] OR “reinforcement
learning*”’[tw] OR “prediction error*”[tw] OR “reward-based learning*”’[tw] OR “associative learning®’[tw] OR "reversal learning*" [tw]

Concept 3: Performance monitoring

“performance monitoring*”[tw], “action monitoring*”[tw] OR “adaptive behavior*”’[tw] OR "rule retrieval*" [tw] OR "executive functions*"

[tw]
Final Search:
Concept 1 AND (Concept 2 OR Concept 3)

Two additional filters were used within the PubMed environment (Humans, English). The final search took place on the Ist of July 2021, 17:49

CEST with 1057 results

to n=_839 studies. However, five studies considered relevant
and cited by Peterburs and Desmond [36] were not found
with this search strategy.

Thus, we added additional keywords to our initial search
strategy: Cerebellar hemispheres, reversal learning, rule
retrieval, and executive functions. Using the final extended
search strategy, we were able to identify n=1057 articles
from the PubMed database as eligible for abstract screening.
In addition, we now identified three [73—75] out of the five
studies which were previously not detected. The building
of the final search can be seen in Table 2. Additionally, we
added n=21 articles from other sources for abstract screen-
ing that were not covered by our search strategy, which led
to N=1078 articles that were screened.

Screening

Abstracts and full-text articles were independently read by
two reviewers (A.M.B. and S.S.) using the Abstrackr text-
mining tool [76]. The settings “priority order” and “double
selection” were used in the Abstrackr environment. Prior-
ity order re-orders the articles starting with the ones with
greatest likelihood to be included after each round. Hence,
Abstrackr continuously calculated predictions about which
articles might be relevant based upon the reviewers’ prior
decisions and ordered them accordingly. Moreover, both
reviewers used the same screening tool (see supplement
Table S1) to first review all available abstracts and then the
remaining full-text articles as suggested in the best practice
paper by Polanin et al. [77]. The screening tool consists of
several questions targeting the most important aspects of the
abstract. This was done to ensure that both reviewers kept
inclusion and exclusion decisions as objective as possible.
Additionally, we labelled the excluded articles accord-
ing to the respective number of questions asked within the
screening tool. We provided the reason for the exclusion of
each article in the PRISMA Flow chart (see Fig. 2). A third

(principal investigator J.P.) and fourth (D.M.H.) reviewer
were consulted when discrepancies between the assessments
of the two initial reviewers were found. The screening pro-
cess started with a pilot round (n =20 articles) so that ques-
tions and problems during the screening could be discussed
at an early stage and to ensure that the Abstrackr algorithm
was able to sort the articles as intended according to the pilot
ratings. Following the pilot round, three main rounds were
conducted (first round: n =300, second round: n =300, third
round: n=458).

Extraction

Data collection was combined with full-text screening and
performed after all reviewers found a given article eligible.
Two independent reviewers (AB and SS) were involved in
the data extraction process (extraction tool, see supplement
Table S2). To systemize data extraction, we developed a
data extraction form (see supplement Table S3). The data
extracted by each reviewer were compared, and major dis-
crepancies such as missing details were discussed until
resolved. Differences between extracted data in each extrac-
tion category emerged in only a few cases (n=06) and were
mainly related to the summary of the main and key results.
Inaccuracies in the description of the sample size occurred
in four cases and were corrected. The extracted raw data
for each included study can be found in the supplemental
material (Table S9). The collected data were synthesized in
a comparative qualitative analysis in accordance with our
research goals and hypotheses. Risk of bias was assessed
evaluating the described sample size, statistical power (high
power allowing the researchers to find and to discuss also
small significant effects, if present), and the general method-
ological quality of the study (e.g., use of appropriate control
group or condition, appropriate reporting of descriptive and
inferential statistical results, correcting for multiple com-
parison). A study was additionally assumed to have a lower
risk of bias if the hypotheses were preregistered. However,
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none of the included studies were preregistered. The thresh-
old of statistically significant reported results of each study
was p <0.05.

Risk of Bias

The objectivity of the selection process was ensured by
using the questions of the screening tool, which helped the
reviewers to systematically approach and assess the abstracts
and full-text articles irrespective of their role and status in
the research team (PhD student and student assistant) and
their prior knowledge of the topic.

Interrater Reliability

Consensus between raters was continuously assessed
throughout the screening and data collection process.
Regular meetings were held to ensure that arising ques-
tions were addressed during the selection process. In case
of discrepancies between raters, these were discussed with
the principal investigator until consensus was reached.
Interrater reliability was calculated at multiple time points
during the screening process using weighted Kappa as well
as the percentage of excluded studies. At the end of the
selection process, interrater reliability was calculated to
assess if the agreement between the raters was sufficiently
high. Of note, due to the nature of the prioritizing option
in Abstrackr, articles with low likelihood to be relevant
were mostly rated in the later rounds of the screening pro-
cess, which affected the calculation of weighted Kappa
[78]. Weighted Kappa calculates the interrater reliability
between two or more raters and is therefore affected by
the distribution of ratings. We calculated weighted Kappa
after each round to see if the screening patterns of both
reviewers were consistent and agreement was high (first
round =0.41, second round = 0.50, third round =0.97).
The overall weighted Kappa was moderately high [0.62,
79, see supplement Table S4], while the percentage of
agreement between the reviewers was very high (see sup-
plement Table S5).

Synthesis

For qualitative literature synthesis, selected studies were
grouped into patient and non-patient study (including behav-
ioral, electrophysiological, neuroimaging, see supplement
Table S6). As we aimed to understand the role of the cer-
ebellum for feedback processing and feedback-based learn-
ing across studies with different kinds of samples, studies
including only healthy participants were reported separately
from studies with patient groups. Importantly, we included
and synthesized results from methodologically diverse stud-
ies in order to draw the most comprehensive picture possible
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of the role of the cerebellum for processing of and learning
from external feedback in the non-motor domain.

Results

A total of 1078 abstracts were screened, and 62 articles were
selected for full-text reading, leading finally to 36 articles
that were included into the review (Fig. 3). The majority
of the studies were excluded because they did not include
a feedback-based learning task (see Fig. 3 for more details
on the exclusion reasons). Among the 36 included studies,
we identified n=11 patient studies of which one assessed
feedback processing by means of EEG in addition to feed-
back learning. Of the eleven patient studies, most (7/11) pro-
vided data from patients with chronic cerebellar lesions, two
included patient samples with cerebellar degeneration [80,
81], one study included patients who underwent neurosurgi-
cal resection of tumors located exclusively in the cerebellum
[82], and one study included samples with different cerebel-
lar diseases [15], e.g., neurodegeneration, stroke, inflamma-
tion of the cerebellum, supplement Table S7). Patient studies
included data of a total of N=131 patients. The remaining
25 studies included only healthy participants and were all
imaging studies (fMRI: n=22; PET: n=3). A short descrip-
tion of each study can be found in the supplement Table S8.

Task Descriptions

In the following, a brief overview of the main types of feed-
back learning tasks used in studies covered by this review is
provided. Importantly, all tasks had to contain (trial-by-trial)
external feedback that participants could use to optimize
their task performance. In the descriptions we will use the
terms used by the authors of the studies. These are not nec-
essarily mutually exclusive, as, e.g., a probabilistic learning
tasks is also an associative learning task. In our description,
we will, however, make clear, what the role of feedback is
in these tasks.

In the Wisconsin Card Sorting Tests (WCST) and its modi-
fied versions (MCST), cards depicting geometric objects that
differ in properties such as shape, size, and color are drawn
from several decks and matched to a sample card. How a
card should be matched follows a rule that changes over
the course of the test, so participants must monitor and
adjust their decisions based on feedback provided by the
experimenter that indicates a correct or incorrect choice.
Test performance is measured as the number of categories
completed, the number of perseveration responses (repeating
a certain response option), and the number of perseverative
errors (i.e., repeating the error).

In non-motor associative learning tasks that include
external feedback information [e.g., 80, 81], the association



The Cerebellum (2024) 23:1532-1551 1539
Fig. 3 Preferred reporting items
for systematic reviews and . . .. . .
meta-analyses flow diagram Records identified through database Additional records identified
(PRISMA statement) searching through other sources
(n=1057) (n=21)
4 v
Records after duplicates removed
(n=1078)
Abstracts excluded
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Abstracts screened .
_ —> (n =136, non-empirical
(n=1078)
study)
(n =13, non-human
A participants)
Full-text a11.10.1e§ ?ssessed (n = 24, not purely
for eligibility cerebellar disease)
(n=062)
(n =13, non-adults)
A (n =2, qualitative study)
Stuc.lies. included ip (n =247, no performance
qualitative synthesis monitoring/feedback task)
(n=36)

(n = 14, no clear outcome)
(n =26, no abstract)

(n =541, multiple reasons)

Full-text articles excluded
(n = 26), with reasons:

(n =10, not purely
cerebellar disease)

\4

(n =15, no performance
monitoring/feedback task)

(n =1, same sample used as
in other study)

between response options and specific stimuli must be
learned by trial and error. A correct choice is indicated by
a sound and an erroneous choice by the dis- and reappear-
ance of the stimulus which indicates that a different button
must be pressed.

In probabilistic learning tasks, a specific case of asso-
ciative learning, the reward contingencies for a stimulus-
response association are not 100 percent so that correct
responses are not invariably followed by positive feedback/
reward but instead in some cases by negative feedback/non-
reward. This increases task difficulty and preserves a degree
of exploration behavior. Probabilistic learning can involve
reversal learning which means that stimulus-response

contingencies change throughout the task so that responses
that were previously (probabilistically) associated with
positive feedback are now associated with negative feed-
back and vice versa, and response strategies must be adapted
accordingly.

In monetary incentive delay (MID) tasks, the prediction
and anticipation of rewards or punishments can be varied
as well as the chance of delivery of the respective outcome
(outcome may or may not appear accordingly) indicated by
incentive cues reflecting reward probability and magnitude.
These incentive cues are presented before the target stimulus
and response time window. Performance can be improved
based on the provided feedback of winning or losing the
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indicated reward [for a review on the MID, see 83]. Impor-
tantly, studies using this task typically focus on reward antic-
ipation or expectation, e.g., by assessing brain responses to
the incentive cues.

Studies in Patients with Cerebellar Damage

Out of the eleven patient studies, five reported worse
performance in the respective cognitive feedback-based
learning tasks in cerebellar patients compared to healthy
controls [80-82, 84, 85], n=67). Two studies reported
no clear evidence for or against cerebellar involvement
[15, 86], n=16). Four studies did not find performance
differences between patients and controls, or relative to
the norm values for the respective versions of the WCST/
MCST [87-89], n=136) and no differences between
patients and controls in a probabilistic learning task [51],
n=12). Importantly, not all patient studies provided the
same information on the subscales of the WCST. For
instance, the percentage of perseverative errors as an index
of deficient feedback-based learning was only reported in
five studies (out of eight), and some only provided a mean
for the categories completed [84] or z-score of overall
performance [15], see Table 3). As outlined above, only
five studies reported impaired performance. Deficits were
found in feedback learning in patients with cerebellar
degeneration [80, 81] who exhibited difficulties in identi-
fying correct associations and needed more time to reach
a specific learning criterion as compared to healthy con-
trols. Furthermore, MCST and WCST findings showed
fewer completed categories and/or more perseverative
errors in patients (MCST in cerebellar stroke patients:
[84], WCST in cerebellar lesion patients: [85],WCST in
patients with resected cerebellar tumors: [82]. Interest-
ingly, Mak et al. [82] and Mukhopadhyay et al. [85] both
reported fewer categories completed and more persevera-
tive errors in patients. However, a significant difference in

the percentage of perseverative responses between patients
and controls was only found by Mak et al. [82], while the
difference was non-significant in the study by Mukhopad-
hyay et al. [85].

The study by Thoma et al. [86] did not report altered
MCST performance in patients with chronic stroke of the
cerebellum relative to a matched control group. However,
this study revealed a selective impairment in reversal learn-
ing based on reward feedback. While patients showed com-
parable learning success prior to reversal, and better learning
of stimuli associated with larger relative to smaller rewards,
patients demonstrated poor reversal learning. Moreover, in
a subsequent probabilistic learning task, a subsample of
patients who were classified as “learners” based upon their
prior performance needed more trials to exceed a learning
criterion when learning new stimulus-stimulus-outcome
associations compared to healthy controls. Rustemeier et al.
[51] did not find significant performance differences between
patients with post-acute cerebellar lesions and healthy con-
trols in a similar probabilistic learning task.

Despite the lack of performance differences in the proba-
bilistic learning task between patients with chronic cerebel-
lar stroke (N=12) and controls in the study by Rustemeier
et al. [51], EEG data revealed significant differences in the
ERP. Patients showed higher (i.e., more negative) ampli-
tudes in the FRN for negative compared to positive feedback
and a more pronounced (i.e., more positive) P300 for posi-
tive compared to negative feedback. In contrast, FRN and
P300 were not sensitive to feedback valence in controls. In
addition to the initial probabilistic task, the researchers also
applied a task with fixed reward contingencies to control for
potentially confounding effects of feedback frequency on
feedback processing. The results largely replicated the pat-
tern described above. Of note, further analyses appeared to
indicate that ERP alterations in patients particularly affected
processing of positive feedback, although this effect was not
consistently observed in both tasks.

Table 3 WCST/MCST results

Study Year Task  Categories Pesevera- Non-per- Perse- Errors Overall score
completed tion severative veration
respones  errors errors
Schmahmann 1998 WCST "-" " " " " n.s
Gottwald 2004 MCST n.s " " " " "
Turner 2007 WCST "-" - " n.s - "
Mukhopadhyay 2007 WCST P<C n.s " pP<C " "
Thoma 2008 MCST n.s " n.s - - "
Manes 2009 WCST P<C " " - - "
Dirnberger 2010 WCST "-" - n.s n.s " "
Mak 2015 WCST P<C P<C " P<C pP<C "

WCST Wisconsin Card Sorting Test, MCST Modified Card Sorting Test, P <C (Controls significantly bet-

ter than patients), n.s. non-significant difference,
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Neuroimaging Results

All neuroimaging studies were performed in healthy partici-
pants (total N=561) but differed with regard to task designs,
sample sizes, technical setup, and applied statistical analy-
ses (see supplement Table S8). Importantly, all studies used
trial-by-trial feedback for choice behavior. The coordinates
of significant cerebellar (peak-) activations for ten studies
and the respective analysis were transformed from Talairach
into the MNI space using the MNI 2 Talairach Converter
program [version 1.2.0, 2020/08/25, 90]. For each study,
the coordinates are provided in the supplemental material
(see Table S9). To make the distribution of significant cer-
ebellar findings for each study more accessible, we labelled
the extracted coordinates using the label4MRI package (ver-
sion 1.2) in R (R Core Team, version 4.0.3) and RStudio
([91], version 1.3.959) and the AAL atlas taxonomy [92].
Subsequently, each study was assigned a symbol and the
significant findings were inserted into a schematic flat map
of the cerebellum inspired by the flat map from Diedrichsen
and Zotow [93]. Importantly, this figure serves only as a
rough illustration and does not represent the exact distribu-
tion of the significant voxels in the cerebellum of the calcu-
lated contrasts for each respective study (Fig. 4).
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The main experimental paradigms in the imaging stud-
ies were as follows: seven studies used probabilistic/reversal
learning (n=194), three studies used an MID task (n=40),
three studies used a non-motor associative learning task
(n=35), three studies used WCST/MCST (n=70), two stud-
ies used a modified version of a card game (Risk taking task,
n=20; Card-guessing task, n=26), one study used a Markov
decision task (n =20), one study used a modified version of
the dynamically adapted motion prediction task (n=25), and
one study used a modified version of the Eriksen-Flanker
Task (n=16).

Substantial bilateral cerebellar activations were reported
in fourteen studies [38, 42, 73, 75, 94—103], and resting state
functional connectivity changes were shown in one study
after conducting a task involving rule learning through feed-
back [104].

Berman et al. [42] contrasted the WCST with a control
task (sensorimotor task = matching-to-sample task) and
revealed stronger activations in the right (lateral) hemisphere
as well as the left posterior hemisphere of the cerebellum.
Lie et al. [75] contrasted different executive subdomains
in the WCST and discovered increased bilateral cerebellar
activations for matching information, error detection, and
feedback processing. Ernst et al. [96] found significantly

Berman et al., 1995
Nagahama et al., 1996
Knutson et al., 2001
Knutson et al., 2003

Emst et al., 2004
Reminjse et al., 2005

Lie et al., 2006
Bjork & Hommer, 2007
Marco-Pallarés et al.. 2007

Tricomi & Fiez, 2008
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Fig.4 Schematic illustration of the assignment of significant findings
from each included imaging study (when coordinates were provided,
N=21) to its respective region in a 2D flat map of the cerebellum
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Bischoff-Grethe et al., 2009
Linke et al., 2010

Greening et al., 2011
Bellebaum et al.. 2012
Balsters et al., 2013

Lam et al., 2013

Kobza & Bellebaum, 2015
Von der Gablentz et al., 2015
Shao et al., 2016

Peterburs et al., 2018

Jackson et al., 2020

according to the design in Diedrichsen and Zotow [93]. Importantly,
the coordinates in n=4 studies were not provided
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stronger bilateral cerebellar activation (left and right Crus
I and lobule VIII, left Crus II) in a risk-taking Task (RTT:
gambling card game) compared to a control task involving
no decision making. A second run of the RTT also revealed
significant bilateral cerebellar activation and right cerebellar
peduncle activation when the data on the second run of the
RTT were compared to the first run. In addition, Nagahama
et al. [101] showed that the bilateral cerebellum was signifi-
cantly more activated for the MCST relative to a matching-
to-sample task. It has to be noted that brain activation in
these two studies was averaged across task runs and thus did
not reflect exclusively feedback-related activity. In contrast,
more recent fMRI work by Tricomi and Fiez [103] did inves-
tigate feedback-related brain activations. Increased activa-
tion of the bilateral medial inferior cerebellum was found
for negative relative to positive feedback trials in feedback-
based paired association word-learning task [103]. Interest-
ingly, Bischoff-Grethe et al. [94] reported increased bilateral
cerebellar lobule VI activation following positive feedback
and right cerebellar lobule VI activation following negative
feedback compared to uninformative feedback.

Moreover, Bjork and Hommer [95] showed modulation of
cerebellar activations by reward probability in an anticipa-
tory period in which a motor response was necessary: acti-
vation in the left vermis IV and V was increased for high
vs. low reward probability, and in vermis VI for medium
compared to low reward probability. In addition, the right
cerebellar lobule VI was active during reward presenta-
tion for high compared to low reward probability trials. In
accordance with these findings, Lam et al. [100] also found
that reward probability of a combination of cards had an
influence on cerebellar activations. Here, the right lateral
cerebellum was more active for high predictive value vs.
low predictive value.

Bellebaum et al. [38] used a probabilistic learning task
to contrast active and observational learning. Left lob-
ules IV and V were more strongly activated for expected
rewards compared to unexpected rewards in active learn-
ers. Observational learners showed increased activation in
left lobules IV and V for unexpected feedback compared
to active learners. In active learners, only right Crus I was
significantly more active for expected non-rewards com-
pared to unexpected rewards, whereas observational learn-
ers showed significant activations in bilateral Crus I and II,
lobule VI and VIII. Contrasting active with observational
learners revealed increased activation in the left lobule
IV and V. The reversed contrast yielded more activation
in right lobule VI. Activation related to prediction error
coding across groups was found in left Crus I and right
lobule VI. For active learners only, significant activations
were also found in bilateral lobules VIII and right lobule
VI. In observers, prediction error related activations were
found in bilateral Crus I, right vermis IV and V as well as
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the left lobule IV and V. These findings thus suggest that
the cerebellum may be differentially involved in feedback
processing as a function of agency.

This notion was supported by Kobza and Bellebaum
[99] who used a different probabilistic learning task
(card-guessing task) to contrast active and observational
feedback-based learning. Using the uncertainty associated
with the card as parametric modulator for fMRI analyses,
the researchers found activation in right lobule VI, right
vermis VI, and left Crus I in observers. Additionally, when
action-independent prediction errors were used as a para-
metric modulator, significantly increased activation in the
right cerebellar lobule VIII and right Crus I were found in
the active subsample. Action-dependent prediction errors
used as parametric modulators revealed increased activa-
tion in right cerebellar vermis VII and left anterior lobules
IV/V and left lobules VI and VIII in the active subsample.
In addition, the comparison of active against observational
for the action-dependent prediction errors demonstrated
increased activation in the right vermis VII and left ver-
mis III.

In another card-guessing task [102], participants had to
first choose a face-up card out of three and subsequently
another face-down card out of three with the instruction
to choose the same card as the already determined one.
Next, they had to bet credits on whether the cards matched.
Feedback was presented as either a win or loss of money.
In a second condition, the computer selected the cards and
winning or losing was pseudo-randomized, but participants
still had to bet credits. Bilateral activation of the cerebellum
(labeling according to the provided coordinates: lobules IV
and vermis IV and V) was found during the betting stage for
the contrast previous winning vs. previous losing outcomes.
Shao et al. [102] also reported stronger activation in the
left Crus I during the betting stage for computer-generated
choices compared to self-generated choices and after previ-
ous wins compared to previous losses.

In a modified version of the Eriksen-Flanker task that
included reversal learning [97], participants had to respond
to a central letter that was surrounded by flanker letters with
either a left or right button press. They were informed by
feedback if their stimulus-response association was correct
or incorrect. The association itself switched across time
according to a jittered interval. When a previously correct
stimulus-response association switched, the first incor-
rect feedback was declared as “switch feedback”. Von der
Gablentz et al. [97] found increased activation in bilateral
cerebellar lobule VIIa for incorrect feedback vs. switch feed-
back. In addition, the cerebellar vermis was found to be more
active for switch feedback relative to correct feedback.

Balsters et al. [73] assessed cerebellar activations during
learning of first and second order rules to investigate whether
the cerebellum would be engaged only when rules specified
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the properties of actions (i.e., first order rules =arbitrary
stimulus-response mappings), or whether it would also be
engaged in learning rules relating to cognitive control inde-
pendent of action properties (i.e., second order rules which
were devoid of motor information). Importantly, this study
focused on brain activity in response to instruction cues that
specified these rules, rather than the feedback provided in
each trial. The most interesting finding in the context of the
present review therefore is that the cerebellar lobules Crus I
and Crus II were engaged in processing rule-related informa-
tion irrespective of action properties.

Partially in line with this, Jackson et al. [98] also showed
cerebellar activation in a modified second-order rule learn-
ing task. Here, the sample consisted of old and young par-
ticipants. A local peak activation in the right lobule VI was
found in older adults for the second order rule in correct
trials compared to control trials. Nevertheless, clusters in
Crus I and II were also active, but no local peak activation
was found. In young adults, bilateral Crus II, right Crus I,
and right lobule IV-VI and VIII were activated. Older adults
showed more widespread activation compared to young
adults. In addition, increased activation of left Crus II and
lobules III and VI was discovered in older adults for feed-
back cues in all learning blocks compared to control blocks.
In young adults, areas of peak activation were present in
the bilateral lobule VI and bilateral Crus I in response to
feedback cues during all learning blocks compared to control
blocks.

Age-related differences in cerebellar activity were also
demonstrated in a study by Edde et al. [104] in which a
modified version of the dual-task paradigm [105] was used.
Resting state functional connectivity (rsFC) data were
acquired before and after the task with the cerebellum as
a region of interest. Young adults (18-30 years of age)
demonstrated post-learning activation changes within 44
pairs of brain regions. Forty-two pairs were connections
of cerebellar with non-cerebellar regions. Distinct cerebel-
lar networks were fronto-cerebellar, temporo-cerebellar,
cerebello-cerebellar. Older adults (61-70 years of age) on
the other hand showed fewer learning-related changes in
rsFC than young adults and no involvement of cerebellar
networks.

Activations restricted to the vermis were discovered
in three studies [41, 106, 107]. Spiti et al. [107] found
increased vermis activation for losses relative to gains in a
motion prediction task in which the reward contingencies
were fixed. Knutson et al. [41] demonstrated significant acti-
vation in the cerebellar vermis for large vs. small rewards/
punishments and found significant vermis activation during
the anticipation of potential gain vs. no outcome and poten-
tial loss vs. no outcome in a subsequent study [106].

Activations restricted to the left cerebellum were
found in five studies [39, 40, 62, 108, 109]. For reversal

learning in probabilistic feedback tasks, three studies
showed increased activation of the left cerebellum for
affective switching, i.e., the inhibition of responses
towards the previously rewarding stimulus that were now
punished and the execution of responses towards the new
rewarding stimulus compared to the baseline [40, 62,
108]. Moreover, using a reversal learning task, Peterburs
et al. [39] found left-sided activations in lobule VI and
Vlla.

Tanaka et al. [109] investigated reward-based learn-
ing in terms of predictions and prediction errors using
a Markov decision task. In this task, one of three shapes
was presented, and participants had to respond with
either left or right button press. Feedback was provided
as a monetary win or loss. The left lateral cerebellum
was activated for future relative to immediate reward
predictions. Also, increased activation of the medial
cerebellum during immediate reward prediction was
found.

Activations restricted to the right cerebellum were
found and described in two studies [105, 110]. Marco-
Pallarés et al. [110] reported significant cerebellar acti-
vations in right Crus I and II for positive compared to
negative feedback. Rule information was manipulated in a
dual-task study [105] in which a conditional learning task
and a verb-generation task were both conducted simulta-
neously. Significant activation was found in right Crus I
for highly informative cues, and a trial-by-trial analysis
revealed that this activation decreased faster as learning
progressed. In contrast, cerebellar activation in Crus I in
response to less informative cues did not decrease with
learning progression.

Discussion

The main goal of this systematic review was to identify and
summarize findings pertaining to cerebellar involvement
in processing of and learning from external feedback in a
non-motor context, following the guidelines of the PRISMA
statement [71]. Thirty-six studies met our criteria and were
included. Among these were several patient studies, one of
which addressed altered electrophysiological activity during
feedback processing in patients with cerebellar lesions, and
a larger number of fMRI imaging studies (either task-based
studies or studies assessing cerebello-cerebral functional
connectivity changes associated with feedback learning)
conducted in healthy subjects. We did not find any study that
used non-invasive brain stimulation techniques to target the
cerebellum in the context of feedback-based learning tasks
published prior to July 2021, i.e., prior to the preregistration
of this systematic review.
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Feedback Learning Performance in Patients
with Cerebellar Diseases

The reviewed studies were very heterogeneous regarding
tasks and sample characteristics. Likewise, findings were
inconsistent: five patient studies reported impaired learn-
ing in cerebellar patients [80-82, 84, 85], n=67), while
four studies did not find performance differences between
patients and controls [51, 87-89] n=48), and two stud-
ies reported mixed findings [15, 86], n=28). Aggregating
patient samples within these three groups of studies yielded
comparable overall sample sizes, further hampering a clear
statement regarding the presence or absence of alterations of
feedback-based learning in patients. Even within one single
study, not all patients demonstrated consistent deficits, as
outlined by Tucker et al. [81). Most patients had presented
with cerebellar strokes with long intervals between lesion
onset and study participation, and this passage of time may
have allowed for some functional reorganization. In line with
this, Schmahmann and Sherman [15] described improved
or normalized executive task performance in “chronic”
compared to “acute” cerebellar focal lesions. In addition,
it has been shown that targeted rehabilitation may allow for
substantial compensation regarding motor [111, 112] and
cognitive deficits [113—115]. In contrast, cognitive perfor-
mance in patients with neurodegenerative cerebellar diseases
likely decreases with disease progression, similar to motor
symptoms in different types of cerebellar ataxia [116-118].
Aside from time since lesion, lesion location in cerebellar
stroke, and severity of cerebellar degeneration, other factors
such as the age at lesion onset [119] have also been linked
to the severity of cognitive deficits [see 120 and 121 for an
overview on stroke related factors].

Only one of the included patient studies recorded elec-
trophysiological data to assess feedback processing [51].
While behavioral data in this particular study did not show
differences between cerebellar lesion patients and controls
regarding learning from external feedback, the ERP compo-
nents FRN and P300 indicated altered neural processing of
negative and positive feedback in patients. Rustemeier et al.
[51] concluded that these altered ERP patterns reflected
impaired outcome prediction, although somewhat contrary
to this notion, learning performance in patients was simi-
lar to controls. Given that in most patients, several years
had elapsed between stroke onset and study participation
(see supplement Table S7), functional reorganization and/or
compensatory processes might help explain this discrepancy.

There is indeed evidence from various studies in cerebel-
lar stroke patients that ERPs, in particular the P300 com-
ponent, reflect functional improvement over the course of
the disease [122-127]. However, the P300 in these cases
was not obtained in feedback-based learning tasks. Addi-
tionally, stroke patients who recovered best from the injury
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demonstrated more symmetrical distribution of the EEG
power spectrum compared to patients with poorer recovery
across a period of six months (period between the stroke
onset and the first examination was on average 28.16 days,
SD=17.15 days; [128]. Taken together, these findings sug-
gest that EEG in general, and ERPs in particular, might be a
useful tool to track changes in neural processing that occur
during immediate post-stroke recovery, also in the context
of cerebellar lesions.

Cerebellar Activations in Neuroimaging Studies

We reviewed functional imaging data of 25 studies (total
sample of N=561), all in healthy participants, demonstrat-
ing activations in the cerebellum and cerebellar-cortical
networks during and after tasks involving feedback pro-
cessing and feedback-based learning. Meta-analyses of
functional imaging data with the cerebellum as the region
of interest [10, 20], data on functional connectivity [129]
or a combination of task-based and functional connec-
tivity data [130], and task-specific parcellation [131] of
the cerebellum provide the foundation for interpreting
the different results. Buckner et al. [129] demonstrated
functional coupling between lobules VI and VII and cer-
ebral networks involved in cognitive control. Stoodley and
Schmahmann [20] showed that bilateral Crus I, left lobule
VI and VIIB were most active in tasks requiring executive
control. Consistent with this, Keren-Happuch et al. [10]
reported that the bilateral Crus I, left Crus II, right lobule
VI and midline lobule VII were most active during execu-
tive processing. More recently, King et al. [131] parcel-
lated the cerebellum into task-specific regions, but clear
differentiation of executive tasks with a focus on feedback
processing was lacking. The present review attempts to
fill this gap, identifying studies with increased cerebellar
activation while performing tasks involving processing of
and learning from external feedback (e.g., WCST, MCST,
RTT) compared to control tasks or conditions that control
for several aspects of the respective version of the task
[42, 75, 96, 101].

Our review of imaging findings found significant acti-
vation in bilateral Crus I and II (see Fig. 3 and Table S9)
associated with feedback learning. For instance, Balsters
and Ramnani [105] showed significantly increased activa-
tion of Crus I for “high learning cues” in which feedback
information always reflected the performance in the current
trial compared to “low learning cues” which did not. Per-
formance under dual task conditions improved over time,
which was interpreted as automatization of rule learning.
Likewise, Balsters et al. [73] showed increased activation
of Crus I and II during rule learning, highlighting that the
posterolateral cerebellum was engaged in processing exter-
nal, rule-related information irrespective of action properties
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which is in line with its function as a “prediction machine”
within the forward model.

According to our findings, imaging data obtained in
non-motor associative learning tasks underlined the signifi-
cance of several aspects of feedback. First, the context of
feedback is important. Tricomi & Fiez [103] investigated
whether brain activation patterns differed for feedback that
was informative but only arbitrarily related to performance
compared to feedback that provided information about goal
achievement. Regarding the cerebellum, the most interesting
finding was that activations for negative relative to positive
feedback were increased when feedback was tied to goal
achievement. Second, feedback valence has been shown to
differentially activate the cerebellum [e.g., 110]. Interest-
ingly, positive compared to uninformative feedback was
associated with increased bilateral activation in cerebellar
lobule VI, and right cerebellar lobule VI was significantly
more activated for negative compared to uninformative feed-
back demonstrating the significance of feedback information
content [94]. These latter results may be taken to suggest that
information content rather than valence is driving cerebel-
lar activity. Along these lines, it could be speculated that
the cerebellum may filter out irrelevant information before
calculating the respective prediction.

In terms of expectations and prediction errors, previous
feedback experiences may affect the anticipation of upcom-
ing feedback, as has been shown for the electrophysiological
indices FRN and P300 [132] as well as for the activity of
several non-cerebellar brain regions including the anterior
cingulate cortex (ACC) and basal ganglia [133, 134]. In this
regard, Knutson et al. [41, 106] manipulated the anticipation
of reward and punishment size (large vs. small and gain vs.
no outcome) and demonstrated that both were associated
with increased activation of the cerebellar vermis. This is
in line with several studies demonstrating that particularly
unexpected feedback was associated with significantly more
activation in the cerebellum and suggests that the cerebellum
is involved both during feedback prediction and the process-
ing of prediction errors [40, 62, 97, 108].

In addition, cueing the certainty of feedback as a manip-
ulation of expectancy yielded increased vermal activation
and stronger right cerebellar activation during the processing
of certain wins compared to certain losses. In a somewhat
similar manner, higher predictive values of card combina-
tions compared to lower ones led to stronger activation of
the right lateral cerebellum [100]. Hence, the anticipation of
an outcome could be modulated by cerebellar structures at
an early stage before external feedback information is avail-
able. Evidence for early processing of feedback informa-
tion was already found in the stimulus-preceding negativity,
a negative slow wave in ERP that occurs before feedback
presentation and is suggested to reflect the anticipation of
meaningful information [135, 136]. However, no study has

yet investigated whether the cerebellum may contribute to
the stimulus-preceding negativity, which might be conceiv-
able considering the cerebellar forward model.

Shao et al. [102] showed increased bilateral cerebellar
activations (lobules IV) in the betting stage of a card-guess-
ing game when subjects had won in preceding trials com-
pared to when subjects had lost in preceding trials. More-
over, stronger activation in left Crus I was present when
outcome expectation had to be articulated into a distinct
value, and when participants had experienced more previous
self-executed choices and previous wins. Interestingly, the
effect of the interaction of agency (either the participant or
the computer made the card selection) and outcome (positive
or negative feedback) was stronger for computer-generated
choices than self-generated ones, particularly after winning
compared to losing, suggesting that the cerebellum is also
involved in processing agency as a factor determining the
optimal decision. Somewhat in line with this notion, action
dependent and independent outcome prediction errors were
associated with increased cerebellar activity in a subsample
of active learners and for action dependent prediction errors
when compared to observers [99]. In addition, predictions
of future compared to immediate rewards were again associ-
ated with activation in the left lateral cerebellum, revealing
that the time scale of the reward had an influence on how
the cerebellum generated the prediction [109]. Also, feed-
back valence is an important aspect for adaptive control of
behavior, given that only negative but not positive feedback
indicates the need for change. Peterburs et al. [39] showed
increased activation of cerebellar lobules VI and VIIa/Crus
I for negative compared to positive feedback, and in left lob-
ule VIIa/Crus I for the first positive feedback after switching
compared to the final negative feedback before a switch. The
authors pointed out that in a prior study by Lam et al. [100],
no cerebellar activity was found for the feedback valence
contrast likely due to the simplicity of the task itself. There-
fore, task difficulty may impact how predictions are updated
in the forward model [22] and could be a cause for substan-
tial variance across the reviewed task and the respective cer-
ebellar activation patterns. Aside from objective valence, the
subjective value [33] and the timing of the feedback [137]
have been shown to affect the neuronal circuits activated
during learning. However, cerebellar involvement in feed-
back processing has not yet been investigated as a function
of these factors.

Limitations

There are several limitations to our review that need atten-
tion. Importantly, we did not include unpublished work or
grey literature because we focused on peer-reviewed articles
that were retrievable on PubMed following the PRISMA
guidelines. Since we anticipated that it would be difficult
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to find appropriate studies using only this search strategy,
we did consult the most relevant reviews on this topic and
identified additional studies that did not report significant
cerebellar findings in either the title or the abstract.

Another important limitation of this review concerns the
fMRI studies. Our search strategy included the cerebellum
as a key concept, among a few others, but we did not include
studies that may have conducted whole brain analyses and
reported no activity in the cerebellum during feedback-based
learning. This is a crucial shortcoming since the chain of
reasoning is solely built upon the significant cerebellar
effects reported in the included studies. Nonetheless, many
studies investigating feedback-based learning have focused
on cortical [e.g., 138] and subcortical regions like the basal
ganglia [e.g., 133, 139] and did not include the cerebellum
as region of interest. However, there are also imaging stud-
ies that conducted whole-brain analyses in healthy partici-
pants and did not find or report any activation for contrasts
similar to the ones described in the results section of this
review [see 49, 50]. In addition, the study by Tricomi and
Fiez [103] reported that the cerebellum was only partially
scanned and thus further activations in the cerebellum might
have remained undetected. Nevertheless, our search strategy
revealed a large number of studies that reported cerebellar
effects which could provide starting points for future studies.

To minimize the risk of bias, we used our screening
tool and extracted data of studies that survived our inclu-
sion criteria irrespective of the sample size and statistical
method. However, the reported effects were mainly based
on small sample sizes, especially in the patient populations,
and therefore may have possibly limited statistical power
(see supplement Table S7). In addition, the lack of studies
using EEG, resting state and task-based fMRI as well as
studies using non-invasive brain stimulation to stimulate the
cerebellum to investigate cognitive feedback-based learning
is an issue, and such results are clearly needed to complete
the picture of cerebellar involvement in processing of and
learning from external feedback.

Last, only studies published prior to July 2021 were
included in the preregistration. However, since the peer
review and publication process has taken more than 1 year,
several new studies have become available. To address this
limitation, we will include a brief summary of recent find-
ings and development pertaining to the topic of this review
in the following section.

Recent Developments

In a very recent activation likelihood estimation meta-anal-
ysis on the cerebellum’s role in reward anticipation and out-
come processing, Kruithof et al. [140] found bilateral activa-
tion patterns in the anterior lobe, lobule VI, left Crus I and
posterior vermis across 31 studies using monetary-incentive
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delay tasks. In addition, activations were observed in the left
lobule VI and the declive (vermian lobule VI) during pro-
cessing of reward outcomes in 16 tasks. These results over-
lap with and complement the presently reviewed imaging
findings. In a recent original study, Nicholas et al. [141] used
a probabilistic feedback-based learning task and a semantic
memory task in patients with cerebellar ataxia to investigate
reinforcement learning in terms of prediction and predic-
tion errors. Patients were impaired at reward learning from
trial-and-error feedback but showed a preserved ability to
learn to predict reward based on episodic memory. Regard-
ing effects of cerebellar TMS on performance monitoring, a
recent study reported a reduction of the ERN [142]. Due to
the functional link between ERN and FRN [61], these find-
ings certainly motivate investigations of the effects of cer-
ebellar TMS on feedback processing as indexed by the FRN.

Conclusions

Findings concerning the notion of altered learning from
external feedback in a non-motor context in patients with
cerebellar diseases are inconsistent, with roughly half of
the patients showing alterations when compared to healthy
controls or normative performance. This could be attributed
to heterogeneity, e.g., time elapsed since lesion onset, age
at lesion onset, type and location of cerebellar damage, but
also small sample sizes. In contrast, degenerative diseases of
the cerebellum are associated with more pronounced perfor-
mance deficits compared to chronic focal lesions, although
data in this regard were limited [80, 81]. Electrophysiologi-
cal or imaging data in patients on the role of the cerebel-
lum in feedback processing is extremely sparse but points
to cerebellar damage being associated with altered coding of
feedback valence and prediction errors [51]. Imaging data in
healthy subjects yielded a much more uniform picture, with
cerebellar activations found in different regions depending
on task type and respective contrast. Contrasts that specifi-
cally examined feedback anticipation or feedback receipt
indicated that posterolateral regions of the cerebellum play
a key role in performance monitoring [e.g., 39, 73, 98, 104,
105]. However, it must be noted that a number of imaging
studies in healthy subjects failed to find cerebellar activa-
tions during feedback learning [49, 50], and fMRI data on
feedback learning in cerebellar patients are missing to date.
Therefore, the results of this systematic review must be
interpreted with caution.

Notwithstanding, we believe that performance monitor-
ing is a relevant concept for understanding the interplay
between cerebral and cerebellar structures [36], and that this
concept fits well into the proposed forward model [22, 24].
Future studies therefore should not underestimate the con-
tributions of the cerebellum to higher cognitive functions,
and researchers should consider including the cerebellum



The Cerebellum (2024) 23:1532-1551

1547

as a region of interest when conducting imaging studies
on feedback-based learning. We also highlight the need for
more studies that use either electrophysiological measures
or neuroimaging in patients with cerebellar diseases in order
to better characterize the contributions of the cerebellum
to processing of and learning from external feedback. It is
conceivable that some of the typical deficits that patients
with CCAS [15] present with, e.g., impaired verbal fluency,
working memory, or affect regulation, may be at least par-
tially rooted in aberrant processing of and learning from
feedback, given that feedback processing is a critical step for
generating predictions, and predictions, in turn, are helpful
not only in working memory [e.g., 143], but also in social
interactions [e.g., 144, for a review on the cerebellum and
prediction for social contexts, see 145]. Therefore, a more
comprehensive understanding of cerebellar contributions to
executive functions such as performance monitoring, can
help to establish and optimize treatment options for patients
with diverse cerebellar diseases.
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ABSTRACT

The present study investigated temporal aspects of cerebellar contributions to the processing of performance errors
as indexed by the error-related negativity (ERN) in the response-locked event-related potential (ERP). We co-registered
EEG and applied single-pulse transcranial magnetic stimulation (spTMS) to the left posterolateral cerebellum and an
extra-cerebellar control region (vertex) while healthy adult volunteers performed a Go/Nogo Flanker Task. In Go trials,
TMS pulses were applied at four different time points, with temporal shifts of -100 ms, -50 ms, 0 ms, or +50 ms rela-
tive to the individual error latency (IEL, i.e., individual ERN peak latency + median error response time). These stimu-
lation timings were aggregated into early (-100 ms, -50 ms) and late (0 ms, +50 ms) stimulation for the analysis. In
Nogo trials, TMS pulses occurred 0 ms, 100 ms, or 300 ms after stimulus onset. Mixed linear model analyses revealed
that cerebellar stimulation did not affect error rates overall. No effects were found for response times. As hypothe-
sized, ERN amplitudes were decreased for cerebellar stimulation. No significant differences were found for the error
positivity (Pe). Similar to TMS application to probe cerebellar-brain inhibition in the motor domain, the inhibitory tone
of the cerebellar cortex may have been disrupted by the pulses. Reduced inhibitory output of the cerebellar cortex
may have facilitated the processing of error information for response selection, which is reflected in a decreased ERN.

Keywords: Error processing, cerebellum, cognitive control, EEG, single pulse TMS, performance monitoring, executive
functions

1. INTRODUCTION Specifically, it has been suggested to generate internal

The cerebellum is assumed to be strongly involved in models of movement and thought that are crucial for effi-

making predictions, processing error information, and Cciency and precision in adaptive control (lto, 2008; Koziol
adjusting behavior not only in the motor but also in the et al., 2014; Wolpert et al., 1998). These internal models
cognitive domain (King et al., 2019; Sokolov et al., 2017).  reflect the process of error detection and correction in
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which the cerebellum functions as a comparator, compar-
ing the actual and predicted outcomes of actions and
adjusting the predictions accordingly. Along these lines,
performance monitoring, which includes error and feed-
back processing, has been proposed to be an overarching
function of the cerebellum (Peterburs & Desmond, 2016).

Performance monitoring can be indexed by the error-
related negativity (ERN) in the event-related potential
(ERP) in the electroencephalogram (EEG). The ERN, a rel-
ative negativity that typically peaks within 100 ms after an
erroneous response, is interpreted to reflect processes
related to the detection of errors (Falkenstein et al., 1991;
Gehring et al., 1993) or response conflict (Botvinick et al.,
2001; Yeung et al.,, 2004). The ERN has a symmetric,
frontocentral scalp distribution, and its neural generator
is likely in the anterior cingulate cortex (ACC) or supple-
mentary motor area (Dehaene et al., 1994; Herrmann
et al., 2004). It has been proposed that the ACC is critical
for detecting conflict and conveying conflict-related
information to other brain regions such as the lateral pre-
frontal cortex (Cohen et al., 2000). The ACC is also a key
structure for evaluating actions and their outcomes, thus
playing a critical role for reinforcement learning (Holroyd
& Yeung, 2011).

Findings from studies in patients with cerebellar dis-
eases suggest that the cerebellum contributes to the
processing of errors and response conflict. Specifically,
the ERN was shown to be reduced in patients with focal
post-acute vascular lesions of the cerebellum (Peterburs
et al, 2012) and cerebellar degenerative disease
(Peterburs et al., 2015). The latter patient group also
exhibited increased error rates, and the ERN reduction
and behavioral impairment were linked to gray matter
volume loss in posterolateral cerebellar regions
(Peterburs et al., 2015). In contrast, patients with post-
acute cerebellar lesions did not show altered behavior.
However, another ERP component related to error pro-
cessing, the error positivity (Pe), a relative positivity
occurring 200-400 ms post-response that has been
linked to more conscious aspects of error processing
(Falkenstein et al., 1995), was increased (Peterburs et al.,
2012). Interestingly, the Pe was unaffected in patients
with progressive cerebellar degeneration (Peterburs
et al., 2015). This result pattern could be indicative of a
compensatory mechanism that may help maintain
behavioral performance in patients with longstanding
lesions but is absent in patients with cerebellar degener-
ative disease. In contrast, Tunc et al. (2019) investigated
error processing in patients with different types of spi-
nocerebellar ataxia (SCA) and failed to find behavioral

impairments beyond a slowing of response times. How-
ever, they did report a trend-level reduction of the ERN in
patients compared with healthy controls, which con-
forms to previous findings (Peterburs et al., 2015). The
less pronounced neurophysiological differences and dis-
crepancy in behavioral results compared with the study
by Peterburs et al. (2015) may be attributed to sample
differences (e.g., SCA subtypes with extra-cerebellar
degeneration included in the study by Tunc et al., differ-
ences in extent and location of cerebellar degeneration).
Cerebellar degeneration in Crus I, Crus Il, and the deep
cerebellar nuclei may cause stronger effects on error
processing than the degeneration of other, more motor
control related regions of the cerebellum, such as the
anterior regions (see King et al., 2019 for a detailed over-
view on different cognitive functions reflected in different
regions of the cerebellum).

While these patient studies provided strong evidence
for a role of the cerebellum in error processing, testing
patients is not the only option to probe such cerebellar
involvement. An alternative approach that offers the pos-
sibility of direct manipulations of brain activity is to use
non-invasive stimulation of the cerebellum. Transcranial
magnetic stimulation (TMS) is a widely used non-invasive
brain stimulation technique that can be applied to a vari-
ety of brain regions (for a review, see Grimaldi et al., 2014)
to establish causal links to behavior (see Vaidya et al.,
2019). Single-pulse TMS (spTMS) is assumed to be use-
ful for both facilitation (Shirota et al., 2012) and disruption
of neuronal processes (Pascual-Leone, 1999) and can be
used in fast-paced task designs (Verleger et al., 2009). A
number of studies have targeted the cerebellum with
TMS, among other techniques, to investigate cerebellar-
brain inhibition (Ugawa et al., 1995; Fernandez et al., 2018).
For instance, Ugawa et al. (1995) demonstrated that the
motor cortex could be influenced by stimulating the cer-
ebellum. The cerebellar cortex inhibits the deep cerebel-
lar nuclei, which are the only output source of cerebellar
projections to higher cortical regions via the thalamus
(Palesi et al., 2017). The TMS pulse triggers activity of the
cerebellar cortex that suppresses motor cortical excit-
ability in M1 via increased inhibition of the cerebellar
nuclei. Notably, effects of cerebellar TMS have also been
reported in the non-motor domain. Stimulation of the
right superior cerebellum led to increased response times
in a verbal working memory task (Desmond et al., 2005)
and disrupted phonological prediction (Sheu et al., 2019).
We, thus, assume the influence of spTMS on the cerebel-
lum to be similarly disruptive for other cognitive domains
like the processing of performance errors.
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Mannarelli et al. (2020) used cathodal transcranial
direct current stimulation (tDCS) to the cerebellum before
healthy participants performed a Go/Nogo task. In con-
trast to the facilitating effects of anodal tDCS, cathodal
tDCS causes a hyperpolarization of neurons, making
upcoming action potentials harder to trigger. After cere-
bellar tDCS compared with sham stimulation, the
Nogo-N2, a negative ERP component peaking around
250-300 ms post stimulus onset (Folstein & van Petten,
2008), was reduced. The N2 has been linked to response
inhibition and cognitive control, with decreased ampli-
tudes indicating improved performance monitoring in
terms of cognitive flexibility (Larson & Clayson, 2011). In
addition, false alarm rates were increased. These results
provide the first evidence that cerebellar neuromodula-
tion alters behavioral and ERP indices of performance
monitoring and cognitive control. In particular, it has
been suggested that the stimulus-locked N2 and the
response-locked ERN may reflect activity of the same
underlying error monitoring system (Ferdinand et al.,
2008; Folstein & van Petten, 2008; van Veen & Carter,
2002). Hence, perturbing cerebellar function by non-
invasive brain stimulation should also affect error pro-
cessing and the ERN, and this is what the present study
aimed to demonstrate. However, it must be noted that
findings on effects of cerebellar tDCS on cognition and
motor behavior have been rather heterogeneous and
inconsistent (Jalali et al., 2017), and the exact mecha-
nisms on the cell or network level are still unclear (van
Dun et al., 2017). TMS, on the other hand, allows for a
more focal and controlled stimulation that can reach
deeper regions in the brain by generating pulses in a
time resolution of less than 1 ms (Koponen et al., 2018).
Therefore, the present study made use of cerebellar
spTMS (and stimulation of vertex as a control site) in a
Go/Nogo Flanker Task (Voegler et al., 2018) to investi-
gate effects on error processing. Guided by the previous
patient studies (Peterburs et al., 2012, 2015), our main
focus was on the response-locked ERP components
ERN and Pe. The stimulus-locked ERP components
Nogo-N2 and Nogo-P3 investigated in the previous
tDCS study in healthy subjects (Mannarelli et al., 2020)
were not the focus of the present work, so data on and
analyses of these components are only provided as
Supplementary Material. For a more comprehensive
neurophysiological account, we have also exploratively
analyzed induced theta power in the time-frequency
domain as an index of cognitive control (e.g., Cavanagh
& Frank, 2014). Information on preprocessing, results,
and discussion with respect to these dependent vari-

ables is provided in the Supplementary Material (see
Figs. S11-S14).

We selected the left lateral cerebellum for stimulation
with a double cone TMS coil because of several studies
pointing towards the significance of posterolateral cere-
bellar regions for executive functions, which also encom-
pass error processing (King et al., 2019; Sheu et al., 2019;
Stoodley & Schmahmann, 2009). The experiment was
conducted on two different days resulting in a fully within-
subject design (each participant underwent both cerebel-
lum and vertex stimulation). We followed the study design
by Verleger et al. (2009) in which an spTMS pulse was
delivered in each ftrial of a Flanker Task. As outlined
above, spTMS has a high temporal resolution, and it can
thus help elucidate causal links between brain and
behavior. Thus, spTMS can also help elucidate temporal
aspects of cerebellar contributions to error processing.
Verleger et al. (2009) temporally shifted the pulses
depending on an individually estimated peak latency of
the lateralized readiness potential, a potential reflecting
motor cortex activity leading up to voluntary movements,
which was measured before the TMS blocks. In the pres-
ent study, pulses were delivered at four different time
points relative to the individual error latency (IEL, i.e.,
individual ERN peak latency + median error response
time) in Go trials, and at three different time points relative
to stimulus onset in Nogo trials.

Similar to deficits found in patients with cerebellar
degeneration (Peterburs et al.,, 2015), we expected
increased error rates in Go trials for cerebellar TMS
compared to vertex TMS, but only when pulses were
delivered before the responses, due to disturbance of
the internal forward-model generated within the cere-
bellum (see Ramnani, 2006). Concerning the ERN,
patients with cerebellar damage showed reduced neg-
ativity in the error-correct difference signal in the typical
ERN time window (Peterburs et al., 2012, 2015). Con-
sequently, we expected a reduced ERN for cerebellar
TMS compared to vertex for pulses that were applied
100 ms and 50 ms before the IEL, since these time
points should precede the onset of error processing.
Since the Pe in patients with cerebellar lesions was
interpreted to be the result of long-term compensatory
processes of the brain (Peterburs et al., 2012), we did
not expect effects of cerebellar spTMS on the Pe. Fur-
ther, more exploratory hypotheses regarding response
inhibition in Nogo trials as reflected in Nogo-N2 and
Nogo-P3 and an additional analysis on the induced
theta power are provided and discussed in the Supple-
mentary Material.



A.M. Berlijn, D.M. Huvermann, S.J. Groiss et al.

Imaging Neuroscience, Volume 2, 2024

2. METHODS
2.1. Sample

Twenty-five young and healthy participants were recruited
through newspaper advertisements and postings at
Heinrich-Heine-University Dusseldorf. Data from nine
participants had to be excluded from the analyses: two
participants attended only the first appointments neces-
sary for study completion, further two participants com-
plained of mild headaches during the task and dropped
out, a miscalculated TMS onset value was used in another
two participants, two participants made too few errors in
the main task, and another misunderstood the task. Con-
cerning the pre-task, which was used to determine the
individual error latency (IEL, see below), we aimed to
repeat the Go/Nogo Flanker until participants who com-
mitted at least six errors in all conditions, because at
least six error trials are needed to reliably measure the
ERN (see Olvet & Hajcak, 2009; Pontifex et al., 2010). For
one participant we only discovered post hoc, after trial
inspection and removing double responses, that only five
error trials in one condition remained (see Table S1 in the
Supplementary Material). As the ERN was clearly visible
after averaging the five error trials, we decided to include
the participant in further data analysis. The final sample
thus consisted of 16 participants. The required sample
size was estimated based on studies which used cere-
bellar spTMS in a different task (n = 17, Desmond et al.,
2005; n =10, Panouilléres et al., 2012; n = 23, Sheu et al.,
2019), or spTMS at another location in a Flanker task
(n = 20, Danielmeier et al., 2009; n = 21, Klein et al., 2014;
n =8, Soto et al., 2009; n = 12, Verleger et al., 2009). Par-
ticipants were healthy adults (age range 19-32 years,
M = 24.00 years, SD = 3.70, n = 13 females, n = 12 right-
handed and n = 1 ambidextrous; for more details, see
Table S1 in the Supplementary Material). As TMS uses
electromagnetic pulses, exclusion criteria were metal
parts within the body (e.g., implants, pacemakers, shards
of metal, pumps for medication), spinal fractures, acute
heart attacks, or pregnancy. Further exclusion criteria
were current psychiatric disorders, neurological disor-
ders, alcohol or substance abuse, and intake of medica-
tion affecting the central nervous system. Participants
were paid 40 Euros for participating in the two appoint-
ments. All participants gave written informed consent.
The study was preregistered on the Open Science Frame-
work (OSF: https://osf.io/6v9pa) and was approved by
the Ethics Committee at the Faculty of Medicine of Hein-
rich Heine University Disseldorf in accordance with the
Declaration of Helsinki.

2.2. Questionnaires

Participants had to fill in a demographic questionnaire as
well as the “Mehrfachwahl-Wortschatz-Intelligenztest”
(1Q: M =98.75, SD = 10.88; Lehrl et al., 1977), a multiple-
choice vocabulary intelligence test.

2.3. Go/Nogo Flanker task

Participants completed a modified Go/Nogo Flanker task
coded in the software Presentation (version 20.0, Build
02.20.17, Neurobehavioral Systems, Inc.). Figure 1 pro-
vides a schematic illustration of the time course and
sequence of stimulus presentation in each trial. The main
task consisted of 600 trials in four blocks. Go trials made
up 80 % of all trials (480 trials), while Nogo trials made up
20 % of all trials (120 trials). In 80 % of Go Trials (384 tri-
als), the flanker arrows aligned with the central target
arrow (congruent trials), while in the other 20 % of Go tri-
als (96 trials), the flankers pointed in the opposite direc-
tion (incongruent). Each trial started with the onset of
arrow flankers positioned above and below a fixation
cross for 200 ms. During Go trials, the fixation cross was
replaced by the central target arrow to which participants
had to respond by pressing the corresponding (left or
right) button on a response pad with the index or middle
finger of their right hand, respectively. Participants were
instructed to respond as fast and as accurately as possi-
ble. If participants did not press one of the two buttons
within the response time window of 350 ms (alternatively
400 ms, when the miss rate was too high in the flanker
pre-task), a reminder to respond faster was displayed. No
feedback was provided concerning the correctness of the
response. During Nogo ftrials, the fixation cross was
replaced by a filled circle, to which participants should
suppress their response and not press a button. As in Go
trials, the flankers together with the circle were displayed
in the response time window for 350/400 ms. Thereafter,
a fixation cross without flankers was displayed for 500 ms.
During the subsequent inter-trial interval, the fixation
cross was presented for a further 900-1300 ms (jittered).

Since the aim of the present study was to disturb error
processing on a trial-by-trial basis using TMS pulses
applied to the cerebellum and to elucidate temporal
aspects of cerebellar involvement in error processing, it
was critical to determine the time point at which cerebel-
lar input was needed for error processing. More specifi-
cally, cerebellar input could be needed at the very onset
of error processing or a bit later when error processing is
already underway. To temporally approximate the onset
of error processing individually for each participant, we
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A. Go Trials Congruent

Fixation Cross
900-1300 ms

Target
350 /400 ms

500 ms

Time
C. Nogo Trials

B. Go Trials Incongruent

TMS-Pulse

Response window

In case of missing response

In Go trials:
Delivery timing of TMS pulse
Individual Error Latency = IEL

L. - IEL
Fixation Cross - IEL— 100 ms
900-1300 ms - IEL—50 ms
- IEL + 50 ms
Flanker
Target TMS-Pulse
350 /400 ms Response window

In case of missing response
500 ms

Time

In Nogo trials:

Fixation Cross

000-1800 ms - Stimulus Onset

Delivery timing of TMS pulse

- Stimulus Onset + 100 ms
- Stimulus Onset + 300 ms

Flanker
200 ms

Target
350 /400 ms

Time

TMS-Pulse

Fig. 1. Schematic illustration of time course and sequence of stimulus presentation in a trial of the Go/Nogo Flanker
Task. Go trials with congruent flankers (A) and with incongruent flankers (B) relative to the target arrow in the center.

Only one single pulse was applied in each trial. TMS pulses were delivered for Go trials shortly before the IEL (-100 ms,
-50 ms), at the IEL, or shortly after the IEL (+50 ms). (C) In Nogo Trials, the target stimulus indicating the need to inhibit the
response was a circle. TMS pulses were delivered at stimulus onset or shortly after target onset (+100 ms or +300 ms).

determined the IEL using a Flanker pre-task without
pulses. This Flanker pre-task consisted of the same ratio
of Go and Nogo Trials as the main task (120 trials in total,
80 Go and 40 Nogo trials). The IEL was calculated by
adding the median error response time to the latency of
the ERN in the response-locked ERP. If a participant was
unable to respond within the standard response time
window of 350 ms in more than 25 % of trials in the pre-
task, the task was repeated with an increased response
time window of 400 ms. This was done to ensure that
enough valid trials were recorded. In total, three partici-
pants required the longer response time window.
Throughout the Flanker main task, monophasic single
TMS pulses were applied within each trial. The time
points at which TMS was applied differed for Go and

Nogo trials. In Go trials, TMS pulses were delivered at the
IEL (0 ms) as well as 100 ms before (-100 ms), 50 ms
before (-50 ms), and 50 ms after (+50 ms). In Nogo trials,
TMS pulses were delivered at fixed time points, that is, at
stimulus onset as well as 100 ms and 300 ms after stim-
ulus onset (+100 ms and +300 ms, respectively). Pulse
timings relative to the IEL in Go and relative to stimulus
onset in Nogo trials were randomized throughout the task
but occurred an equal number of times per trial type and
block.

2.4. Procedure

Upon arriving at the laboratory, the participants were
seated in a brightly lit room in front of a laptop (DELL®



A.M. Berlijn, D.M. Huvermann, S.J. Groiss et al.

Imaging Neuroscience, Volume 2, 2024

Precision M4800, 15.4 inch with a resolution of 1920 x 1080
pixels and a refresh rate of 60 Hz) with a response box
(Cedrus RB-740, Science Plus Group, Groningen, NL)
positioned before it. The distance between response box
and laptop was kept constant. Only two keys were rele-
vant for the task and had to be pressed with the index (left
key) and middle finger (right key) of the right hand. A third
key was used to navigate through pauses and instruction
slides. After positioning the participants and putting ear-
plugs in their ears, the EEG cap was aligned on the head,
and the scalp electrodes were prepared. The electrodes
on the cap were further covered with a plastic wrap to
avoid any direct contact between electrodes and the TMS
coil which could cause artifacts (Hernandez-Pavon et al.,
2023). EMG electrodes were attached to the left hand, and
the TMS stimulators were started and triggered via the
laptop so that pulses were sent for the determination of
the individual motor threshold (IMT). After IMT determina-
tion, the coil was firmly aligned and fixed with a custom
mounting structure. Thereafter, the Flanker pre-task was
started, in which no pulses occurred. Subsequently,
another experimental task with spTMS was completed,
which is not part of this manuscript. While participants
were completing this task, we calculated the individual
ERN peak latency and median response time for errors as
described above. Subsequently, the IEL was calculated
and used as an input value for the Flanker main task. After-
wards, the Flanker main task was performed. Participants
underwent cerebellar and vertex stimulation in separate
appointments. They were aware that both sessions
included stimulation, but they were not explicitly informed
about the specifics of the two stimulation sites. They were
also naive to the study’s intent. The two appointments
took place with a temporal gap of at least 48 hours
(M = 82.13 days, SD = 143.36 days, range from 2 to
373 days). Due to a defect in the TMS stimulators, the sec-
ond measurement had to be postponed for a long time,
resulting in time gaps of 362 to 373 days for 3 subjects.
Correcting for the delay of these subjects, the time interval
between the two appointments was on average only
16.00 days (SD = 20.52 days, range from 2 to 74 days).
The order of the stimulation sites was counterbalanced.

2.5. TMS-EEG-EMG interface

2.5.1. EEG system

A TMS compatible amplifier (BrainAmp MR plus, Brain-
Products GmbH, Munich, Germany) was used with a cap
containing 32 flat multitrodes. The flat electrodes mini-

mize the distance between the coil and the skull surface.
The following electrode sites were used: Fp1, Fp2, Fz, F3,
F4, F7, F8, FCz, FC1, FC2, FC5, FC6, Cz, C3, C4, CPz,
CP1, CP2, CP5, CP6, T7, T8, Pz, P3, P4, P7, P8, Oz, O1,
and O2. BrainVision Recorder software, version 1.21
(BrainProducts, Munich, Germany) was used for record-
ing. Impedances were kept below 5 kQ. Data were sam-
pled at 1000 Hz.

2.5.2. EMG system

Two surface EMG Ag/AgCl-electrodes (20 x 15 mm,
Ambu, Ballerup, Denmark) were placed on the left M.
abductor pollicis brevis in resting condition to record the
muscle activity in terms of motor evoked potentials
(MEPs) that reflect the corticospinal excitability through-
out the estimation period of the IMT. This also allowed us
to check that no MEPs would be triggered by the TMS
pulses during the tasks. The signal was amplified with a
Digitimer D360 (Digitimer Ltd, Hertfordshire, UK). The fre-
quency band of the filter was 100-5000 Hz and digitized
at a sampling rate of 5 kHz (Signal version 6.02, Cam-
bridge Electronic Design Ltd., Cambridge, UK).

2.5.3. TMS system

We estimated the IMT with a custom script in Presenta-
tion that sent a code to a single TMS stimulator (Mags-
tim® 200?) every 10 seconds to elicit a pulse. The double
cone coil was aligned so that we could stimulate the right
motor cortex (region M1). After an MEP was detected in
the EMG signal using the independent trigger mode in
the software Signal, 5 consecutive trials (out of 10) were
counted to determine whether the position also clearly
stimulated the motor cortex. The output power of the
device was then reduced until only 5 out of 10 trials elic-
ited an MEP. The estimated IMT with additional 20 %
power (corresponding to 120 % motor threshold) was
used as the output power for the TMS system for both
appointments. Nevertheless, we measured the motor-
threshold on both appointments to see if there was any
variability. Checking the IMT revealed no significant dif-
ference between the first (M = 38.20 %, SD = 7.84 %) and
second appointment (M = 37.68 %, SD = 7.97 %),
t(37) = 0.20, p = .840, and no significant difference
between the cerebellar (M = 37.80 %, SD = 8.15 %) and
vertex (M = 38.11 %, SD = 7.64 %) stimulation appoint-
ments t(37) = -0.12, p = .905. The TMS coil was either
placed at the level of the left lateral cerebellum (3 cm left
and 1 cm inferior to the inion; Hardwick et al., 2014) or at
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the vertex position which corresponds to electrode posi-
tion Cz of the international 10-20 system (Pizem et al.,
2022, see Fig. 2 for an illustration, and Figs. S15 and S16
for real photographs in the Supplementary Material) with
the voltage flow in the inferior direction. After the coil was
correctly aligned, it was fixed with a custom stand so that
the same position was maintained over the course of the
session. In addition, we used a fabric elastic band to
ensure that the coil-to-head distance was kept constant
(forehead for the cerebellar TMS or chin for the vertex
TMS). The distance of the coil to the head surface was
observed during the task and adjusted during the pause
between the individual, since even small changes lead to
a decrease in the induced magnetic field strength
(Hernandez-Pavon et al., 2023).

The BiStim TMS stimulators were manually charged
before the first trial, and the independent trigger mode
was selected in Signal for the subsequent tasks to trigger
the stimulators. Then, the single-pulses were observed in

the EMG-signal to ensure that no MEPs were evoked,
particularly when stimulating the cerebellum. If MEPs had
occurred, the session would have been interrupted, and
the coil would be realigned, in order to avoid co-
stimulating the brainstem. However, this did not occur
during our study. Additionally, the coil position was con-
stantly monitored and readjusted between the blocks
and tasks if substantial movement had occurred to
ensure that the distance between coil and scalp was con-
sistent. Since the recharge period of a single Magstim®
2002 stimulator exceeded the duration of a single trial, we
alternated activation of two BiStim stimulators. Unfortu-
nately, due to overheating of the stimulators, trials were
lost in 3 participants towards the end of the task, for the
TMS system no longer sent any pulses while the task and
EEG measurements were still running. The time of termi-
nation was checked in the EEG signal, so that all trials
without TMS pulses were excluded from analysis. The
heat development in the stimulators was related to both

Fig. 2.

lllustration of the TMS-EEG Setup for cerebellar and vertex stimulation. Top left circle shows the placement of

the electrodes for recording of the EMG signal. Below, the TMS pulse is shown in the EMG signal. Bottom left, continuous
measures of the EEG signal. Top right, TMS generators are shown. Below, the TMS coil orientation for vertex stimulation
is shown and, in the bottom, right, the coil alignment for the cerebellar stimulation is presented. The voltage flow indicated
by the arrows is aligned inferiorly. A double-cone coil was used for stimulation.
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the high number of single pulses and the output power
which varied greatly among the participants (see Table S1
in the Supplementary Material).

In case of a port conflict due to close proximity of two
marker codes sent by the presentation laptop to the EEG
system (i.e., codes sent within 5 ms), which may be the
case for the response codes and matching TMS pulse
codes, the later code was delayed until the port conflict
no longer arose. The respective code timings were cor-
rected in the EEG marker file using a custom script in
MATLAB. Time points were not changed for the TMS
pulse codes because the timing in the marker file always
fitted the timing of the real TMS pulse. Instead, trials with
a TMS pulse differently timed than the planned onset due
to marker code delay were excluded.

2.6. Individual error latency estimation based
on the flanker pre-task

ERN latency was determined by peak detection per-
formed in BrainVision Analyzer software, version 2.1
(BrainProducts, Munich, Germany). All trials containing
two or more responses were removed beforehand. Pre-
processing for peak detection was performed as follows:
First, data were re-referenced to the average signal of all
electrodes, and the signal at FCz was re-established.
Next, a DC detrend was performed, followed by low-pass
filtering with a cut-off of 30 Hz and a slope of 12 dB/oct,
high-pass filtering with a cut-off of 0.1 Hz and a slope of
12 dB/oct, and a notch filter set to 50 Hz. Subsequently,
automatic ocular correction ICA was performed, and
data were segmented into epochs of 600 ms, starting
200 ms before and ending 400 ms after erroneous
responses. The baseline-corrected data (with the 200 ms
period preceding response onset as baseline) underwent
artifact rejection (only 3 trials were rejected across all par-
ticipants and sessions) with the following settings: maxi-
mum difference of values over 100 pV or activity lower
than 0.1 pV within an interval of 100 ms, voltage steps
exceeding 50 pV/ms, or values above 100 pV or below
-100 pV. Segments were then averaged, and peak detec-
tion was performed on a time window of 100 ms after the
response, searching for a negative peak at site FCz.

2.7. Dependent variables

Behavioral outcome variables were error rates and
response times in Go trials. For the EEG data, we ana-
lyzed the ERN for Go Trials in the response-locked ERP.
In an exploratory analysis, the Pe (Go trials) was also ana-

lyzed. The ERN was defined as the local maximal nega-
tive peak in the error-correct difference signal within a
time window of 100 ms post-response at site FCz (see
Hajcak & Foti, 2008). The Pe was defined as the maxi-
mum positive peak in the difference signal within the time
window between 200 and 400 ms post-response at Pz
(see Larson et al., 2010). Follow-up analyses with the
original waveforms were conducted to further elucidate if
effects were specifically driven by altered ERP ampli-
tudes for errors or correct responses. In addition, analy-
ses of false alarm rates and Nogo-N2 and Nogo-P3 ERP
components as well as analyses of induced theta power
in the time-frequency domain are provided in the Supple-
mentary Material.

2.8. Preprocessing of the TMS-EEG data

Preprocessing of the spTMS-EEG co-registered EEG raw
data was conducted using the EEGLAB Toolbox (version
2021.1) in MATLAB (version R2021a) (MathWorks, Natick,
Massachusetts, USA) and the Automated aRTlIfact rejec-
tion for Single-pulse TMS-EEG Data (ARTIST) algorithm
created by Wu et al. (2018). This algorithm provides an
efficient and objective approach to preprocess raw EEG
data and has proven to be superior to manual artifact
rejection by experts and other algorithms such as TESA
(Rogasch et al., 2017; Wu et al., 2018). Some of the
default settings were adapted because the signal at elec-
trode FCz, which had been used as online reference
during EEG recording, needed to be re-established. In
addition, the high pass filter of 1 Hz was kept, and the low
pass filter was changed from 100 Hz to 30 Hz. The notch
filter was changed from 60 Hz to 50 Hz. Electrode Iz was
removed before applying the ARTIST algorithm because
of low signal quality. The ARTIST algorithm creates seg-
ments around a given code which marks the onset of the
TMS pulse. Here, segments were created with a length of
2500 ms, spanning 1000 ms before and 1500 ms after
TMS pulse onset. Next, response onsets were checked
by a custom script using MATLAB to ensure that only
valid trials were included into the analysis (see above,
some responses and therefore the respective response
codes had overlapped with other codes within trials and
were therefore delayed). In addition, we manually rejected
trials without a TMS pulse (due to overheating or close
proximity of two TMS pulses, see above) before re-
referencing and segmenting the data. Following this, the
ARTIST algorithm preprocessed the data in three distinct
stages. In the first stage, large-amplitude artifacts were
removed by applying DC drift correction, the removal and
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interpolation of the TMS pulse artifact (15 ms prior to the
TMS marker code onset until 5 ms after), downsampling
of the data, and the removal of the TMS decay artifacts in
a first ICA run. In the second stage, the AC line noise was
removed, and the band-pass filter was applied. Then, the
signal was segmented around the TMS pulse onset, and
segments that exceeded the default thresholds were
removed. The final step within the second stage was the
removal and interpolation of poor channels. ARTIST
interpolated on average 1.13 channels (SD = 1.13) per
participant and stimulation site. In addition, on average,
44 .13 trials (SD = 50.93) were rejected, including both tri-
als which were manually rejected due to overheating
(M =29.25, SD = 39.67, range = 5-169) and trials which
ARTIST rejected (M = 14.88, SD = 14.72, range = 1-63),
with slightly more excluded trials in total for cerebellar
(M = 47.56, SD = 54.69) compared to vertex (M = 40.69,
SD = 48.41) stimulation (N = 16). In the third stage, poor
independent components were removed in a second ICA
run. The data average was referenced, and the baseline
was corrected. The output data were imported into Bra-
inVision Analyzer 2.1, and further segmentation was per-
formed according to trial type (Go/Nogo). For Go trials,
segmentation was done for response and stimulus onset
separately for error and correct trials. The adapted scripts
and raw data can be found in the following OSF folder:
https://osf.io/jwfn9/

2.9. Statistical models

We deviated from our preregistration and ran mixed linear
model (MLMs) analyses in R (R Core Team, version 4.0.3)
using RStudio Team (2020: version 1.3.959) and the Ime4
package (version: 1.1.25, Bates et al., 2014) in place of
traditional repeated-measures ANOVA. This enabled us
to analyze factors with missing values and use the partic-
ipant as a random factor to further explain variance in the
data. Meteyard and Davies (2020) proposed in their best
practice guidelines for MLMs that the maximum model
should be chosen, including all within-subject main and
interaction effects as random effects. The maximum
model should be only chosen if no errors in the model fit,
in terms of converging errors or singular fits, appear,
which would cause an overfitting of the model. To avoid
this, the models were checked using an iterative process
in which the within-subject highest order interaction was
first included as random factor and the random slopes
rejected subsequently in case of model fit errors. All our
models included stimulation site and stimulation timing
as fixed effects, but for some models, these factors were

additionally included as random slopes depending on the
model fit. In addition, Cooks distance (Cook, 1977) was
calculated to identify potential outlier subjects before
running the MLM analysis using the influence.ME pack-
age (version 0.9-9; Nieuwenhuis et al., 2012).

Before setting up our models for ERP analysis in Go
trials, we grouped the four stimulation timings into a two-
level factor, resulting in “early” and “late” stimulation. For
this purpose, the -100 ms and -50 ms trials were combined
into “early” and the 0 ms (at IEL) and +50 ms trials into
“late.” This allowed us to pool more error trials together, to
better take into account the variability of the IEL within and
across participants, and to compare the effect of stimula-
tion timing on error processing over a broader time period.

To check for baseline performance differences
between the two sessions in the Flanker pre-task, we cal-
culated Linear models (LMs) comparing error rates (Go
trials) and ERN amplitude between the cerebellar stimu-
lation and vertex stimulation session (see Fig. S1 and
Table S3 in the Supplementary Material).

To analyze behavioral performance in the Flanker main
task for Go trials, we set up an MLMs for error rates includ-
ing stimulation site (cerebellum, vertex), stimulation timing
(early, late), and the interaction between these factors as
fixed effects and added stimulation site and the interaction
with stimulation site and stimulation timing as random
slopes and participant as random effect in the model.

Error rate ~ site * timing +
(1 + site + site : timing | participant)

For response times, we included all responses to see
whether there was a difference in response times between
correct and error trials. In the final model, we included
trial type (correct trials, error trials) as fixed effect and as
random slope into the model equation.

Response time ~ site * timing * trial type +
(1 + site * trial type | participant)

In a third MLM, we analyzed error responses by their
timing relative to TMS onset to identify a possible influ-
ence of the pulse itself on the error rates independent of
the trial type. Here, the model was specified using the
error rates as the dependent variable, stimulation site
(cerebellum, vertex) and TMS timing (response preTMS,
response postTMS) as fixed effects and random slopes:

Error rate ~ site * TMStiming +
(1 + site + site : TMS timing | participant)
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For ERP analyses for Go trials, we analyzed the ERN
and Pe peak amplitudes obtained from the difference
wave as the dependent variables.

ERN_diff (amp) ~ site * timing +
(1 + site + timing | participant)

Pe_diff (amp) ~ site * timing + (1 + site | participant)

In addition, we analyzed the original waveforms, enter-
ing the amplitudes at the time points corresponding to
the ERN latency in the difference signal. We added fixed
effects of stimulation site (cerebellum, vertex) and timing
(early, late) and trial type (correct trials, error trials) for the
analysis as well as the interaction between the fixed
effects as well as the three factors as random slopes and
participant as a random effect. In addition, the optimizer
was changed from the default to Nelder-mead to cope
with an occurring convergence error as suggested by the
best practice guideline by Meteyard and Davies (2020).

The final, maximum model specification was as fol-
lows:

ERN (amp) ~ site * timing * trial type +
(1 + site + timing + trial type + site : timing | participant)

We simple-coded the categorical predictors stimula-
tion site (0.5 = cerebellum, —0.5 = vertex), stimulation tim-
ing (0.5 = early, -0.5 = late), and trial type (0.5 = correct,
—-0.5 = error). Also, TMS-timing (response pre-TMS = 0.5,
response post-TMS = -0.5) was simple-coded for the
additional analysis of the error rate. We used the ImerTest
package (version: 3.1.3, Kuznetsova et al., 2017) in R
using Satterthwaite’s method to estimate the degrees of
freedom and to generate p-values for MLMs. We consid-
ered p-values below .05 as statistically significant. Statis-
tical models for the analyses of false alarms, Nogo-N2,
and Nogo-P3 are provided in the Supplementary Material.

3. RESULTS

3.1.  Error rates

MLM analysis revealed no significant effects of stimula-
tion site or timing on error rates (all p > .384, n = 15, see
Fig. 3A). However, exploring the influence of TMS timing
relative to response execution (i.e., whether a pulse had
occurred prior to a response on a given trial or after the
response) revealed a highly significant main effect of TMS
timing (B = 5.02, t(15.00) = 13.30, p < .001, see Fig. 3B).

10

Error rates were higher in trials in which pulses had
occurred after the response (i.e., response pre-TMS:
M =13.69 %, SD = 4.47 %) compared to trials in which
pulses had occurred prior to the response (i.e., response
post-TMS: M = 8.66 %, SD = 4.59 %), irrespective of
stimulation site. The main effect of stimulation site was
only marginally significant (3 = —-1.11, #(15.00) = -2.03,
p = .061). The interaction between stimulation site and
TMS timing relative to response was not significant
(B=-0.79, t(15.00) = -0.80, p = .437 N = 16, see Fig. 3B).

3.2. Response times

For response times, there was a significant main effect of
trial type (B = 25.66, t(14) = 10.05, p < .001). Overall,
responses were faster in error trials (M = 239.40 ms,
SD =19.53 ms) compared to correct trials (M = 265.07 ms,
SD = 18.41 ms). The main effects of site and stimulation
timing as well as the interaction between these factors
were not significant (all p-values > .119, n = 15, see
Fig. 3C).

3.3. EEG results

3.3.1.  ERN based on the difference wave (ERN-diff)

Figure 4A provides response-locked grand-average ERP
difference waves (error minus correct) at electrode FCz
according to stimulation site (cerebellum, vertex) and
stimulation timing (early, late), along with scalp topogra-
phies for the time points of maximum negativity in the
ERN time window. Figure 4B displays corresponding
response-locked grand-average ERPs for errors and cor-
rect responses.

There was a significant main effect of stimulation site
(B = 0.93, t(13.00) = 2.82, p = .015). The ERN was less
negative for cerebellar (M = -5.56 pV, SD = 2.81 pV) com-
pared to vertex stimulation (M = -6.49 pV, SD = 2.98 pV).
The main effect of timing was non-significant (3 = —-0.02,
t(13.00) = -0.05, p = .962). The interaction of stimulation
site and timing was significant (3 = -1.36, t(12.99) = -2.52,
p =.026). Simple slope analyses of the stimulation site for
early and late stimulation timing yielded a significant
slope (see Fig. S4 in the Supplementary Material) for late
stimulation (3 = 1.61, t = 3.78, p < .001). For early stimu-
lation, the slope was non-significant (3 = 0.25, t = 0.59,
p =.563). The interaction between site and timing seemed
to be driven by the late stimulation: for cerebellar TMS,
the negativity was reduced for late (M -5.21 v,
SD =2.72 pV) compared to early stimulation (M =-5.90 pV,
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(A) Mean error rates in Go trials according to stimulation site and stimulation timing. The analysis did not yield

any significant effects of stimulation site or stimulation timing on error rates. (B) Mean error rates in Go trials according to
stimulation site and pulse timing relative to response onset (i.e., whether a pulse had occurred prior to a response on a
given trial or after the response). Asterisks indicate the significant main effect of pulse timing relative to response onset:
error rates were higher in trials in which pulses had occurred after the response compared to trials in which pulses had
occurred prior to response. (C) Mean response times in Go trials according to stimulation site and stimulation timing.
Asterisks indicate the significant main effect of trial type: response times were shorter for errors compared to correct
responses. The dots were jittered horizontally, the central line reflects the median and the whisker the first and third

quartiles (the 25th and 75th percentiles) in all plots.

SD = 2.97 pV), and in contrast, vertex stimulation led to
increased negativity for late (M = —6.82 pV, SD = 2.85 pV)
compared to early stimulation (M =-6.16 pV, SD=3.17 pV,
see Fig. 5A for the boxplots of the ERN amplitudes as
well as Fig. S4 for the interaction plot in the Supplemen-
tary Material).

3.3.2. ERN in the original waveforms

To elucidate whether the decreased negativity in the dif-
ference waves for cerebellar compared to vertex stimula-
tion was specifically driven by altered neural responses
to errors or correct responses, the original waveforms
were analyzed (see Fig. 6). We found a significant main
effect of trial type (B = 6.01, {(12.99) = 8.18, p > .001), with
increased negativity for errors (M = -5.46 pV, SD =3.98 pV)
compared to correct responses (M = 0.55 pV, SD = 3.30
pV). All other main effects were non-significant (all p >
.079). The interaction between trial type, and site was
significant (B = —-0.93, #(38.99) = -2.95, p = .005). Cru-
cially, the three-way interaction between site, timing, and
trial type was also significant (3 = 1.36, #(38.99) = 2.16,
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p = .037). To resolve this interaction, we performed sim-
ple slope analysis. Results showed only a marginal signif-
icant slope for error trials on the stimulation sites and
during late stimulation (3 = 0.98, t = 2.06, p = .052). The
slope was positive, indicating that the ERN was more
negative in vertex (M = -5.78 pV, SD = 4.23 uV) compared
to cerebellar stimulation (M = -5.13 pV, SD = 3.76 pV).
All other simple slopes for trial type, stimulation site,
and stimulation timing were not significant (all p > .200).

3.3.3.  Pe-diff

Analysis of the Pe in the difference waves did not yield
any significant effects (all p > .198; see Fig. 5B for the
boxplots of the Pe amplitudes).

4. DISCUSSION

This study investigated the role of the cerebellum in error
processing using spTMS to stimulate the cerebellum
while co-registering EEG. With the help of a Flanker pre-
task, we estimated individual ERN peak latencies and
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median error response times to calculate the Individual
Error Latency (IEL) as an approximation of the onset of
error processing for each study participant. TMS pulses
were then applied at different time points around the IEL
in each ftrial of the subsequent Flanker main task. We
expected to observe differences in error rates as well as
in response-locked ERP components (specifically ERN,
Pe) for cerebellar compared to vertex stimulation.

In line with our predictions, analysis of the ERP differ-
ence waves revealed that the ERN was reduced for cere-
bellar compared to vertex stimulation. This difference
was also modulated by the timing of stimulation, with
blunting particularly present for late compared to early
stimulation. Analysis of the original ERP waveforms to
determine whether the reduced negativity in the differ-
ence signal was particularly driven by altered neural
responses to either errors or correct responses revealed
that this effect was not specific to either response type.

Importantly, ERN magnitude in the Flanker pre-task was
comparable between the day of cerebellar (M = —6.37 pV,
SD = 2.09 pV) and vertex stimulation (M = -5.97 pV,
SD =2.18 pV, see Table S3 in the Supplementary Material).
While we cannot exclude that active vertex stimulation
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slightly increased the ERN (M = —-6.49 pV, SD = 2.98 pV),
ERN magnitude was substantially reduced for cerebellar
stimulation (M = -5.56 pV, SD = 2.81 pV). Thus, the reduc-
tion of the ERN magnitude appeared to be driven mostly by
spTMS applied to the cerebellum and not the vertex region,
although vertex contributions cannot be fully excluded.

In general, the observed effect of stimulation site may
indicate that monophasic single-pulse TMS disrupted
inhibitory functions of the cerebellar cortex towards the
deep cerebellar nuclei. This may have caused disinhibi-
tion, thereby facilitating information exchange with higher
cortical structures through the cerebello-thalamo-cortical
loop (Palesi et al., 2017). Here, the anterior cingulate cor-
tex (ACC, Rubia et al., 2007), which is highly involved in
the generation of the ERN (Dehaene et al., 1994; Holroyd
& Coles, 2002), may be of particular interest. According
to the reinforcement learning theory (Holroyd & Coles,
2002), the ERN is generated when a reduction of dopami-
nergic input from the VTA, possibly reflecting prediction
errors, disinhibits deep cingulate cortical neurons. Recent
findings show that the cerebellum may contribute to the
generation of prediction errors. For instance, electro-
physiological findings in mammals show that different
cerebellar cell populations are sensitive to reward predic-
tions and prediction violations (Heffley et al., 2018; Hull,
2020), and by the presence of direct cerebellar projec-
tions to the VTA that can modulate dopamine release in
the striatum (Yoshida et al., 2022). Regarding the present
results, with facilitated cerebello-cerebral information
exchange, less phasic dopaminergic input towards the
ACC may have reduced the cognitive demand for error
processing (Holroyd & Coles, 2002).

In the conflict-monitoring theory (Botvinick et al.,
2001, 2004), the ACC is seen as a monitoring system
detecting conflicts (such as between opposing response
options) and signaling the need for cognitive control.
Here, facilitated cerebello-cerebral information exchange
may have promoted conflict detection, leading to a
reduced need for cognitive control that could be reflected
in a reduced ERN. Adjustments in cognitive control
related to conflict adaptation have previously been asso-
ciated with increased functional interaction between pre-
frontal regions, superior temporal regions, and the
anterior cerebellum (Egner & Hirsch, 2005). In addition,
right cerebellar activation along with frontal and parietal
activations were observed in the presence of persistent
conflict leading to the interpretation that the cerebellum
is involved in visuospatial attention processes during
conflict to maintain high activation (Casey et al., 2000).
However, somewhat contrary to both interpretations,
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error rates in the present study were not affected by cer-
ebellar spTMS, and it could be argued that reduced cog-
nitive demand or facilitated conflict detection should
have led to increased accuracy/decreased error rates.

By taking advantage of the temporal resolution of
spTMS, the present study addressed the question when
cerebellar input is used during error processing. Our
results show that late TMS pulses, that is, pulses that
were applied to the cerebellum at IEL onset or shortly
after, were more effective in that they were associated
with a decrease in ERN magnitude in the error-correct
difference signal. Early pulses, that is, pulses applied
within 100 ms prior to |IEL onset, left the ERN unaffected.
A possible explanation for this pattern could be that the
cerebellum receives information about the action through
sensory input pathways and compares the actual infor-
mation with the predicted outcome as stated in the for-
ward model (Sokolov et al., 2017). Along these lines,
cerebellar input for error processing is needed as this
process is already underway. The peak of the ERN might
correspond with the reconciliation of the predicted and
actual action representation, that is., the use of the cere-
bellar input. Cerebellar spTMS may facilitate continuous
information exchange with frontal regions by disinhibiting
the cerebellar output signal. Thus, ERN generation would
depend on this interplay of multiple regions, extending
the existing framework (Falkenstein et al., 1991; Gehring
et al., 1993) towards involvement of the cerebellum.

Analysis of the Pe in the difference signal did not reveal
any significant effects of stimulation site or timing, which
is in line with our hypothesis (see Fig. S5 of the grand
averages in the Supplementary Material). The Pe likely
reflects the conscious detection of an error (Endrass et al.,
2007; Orr & Carrasco, 2011), and it is conceivable that
error awareness might have been low due to the lack of
feedback information in our rapid Go/Nogo Flanker task.
Unfortunately, we did not implement any assessment of
error awareness in the present study, so this notion
remains speculative. Regardless of this, Pe alterations in
the context of cerebellar damage were found in one previ-
ous study (Peterburs et al., 2012) in which patients with
chronic cerebellar lesions were investigated. Here, an
increase in Pe amplitudes—in concert with decreased
ERN and preserved performance accuracy—was inter-
preted to reflect a compensatory mechanism. Importantly,
spTMS to the cerebellum elicits a temporary effect while a
stroke is associated with permanent tissue damage.
Therefore, we can only roughly compare spTMS-induced
“virtual lesions” of the cerebellum with degenerative or
focal cerebellar diseases (Can et al., 2018).
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Analysis of the behavioral data showed no significant
effects of site or timing. The lack of a site effect was
unexpected, given that we had hypothesized an increase
in error rates for cerebellar stimulation based on results
observed in patients with cerebellar degeneration in an
antisaccade task (Peterburs et al., 2015). However,
another previous study also failed to find altered error
rates in patients with cerebellar degeneration using a
more comparable flanker task (Tunc et al., 2019). The
present findings also resemble to some extent results
obtained in patients with basal ganglia lesions, in whom
the ERN was reduced in the absence of behavioral defi-
cits in a flanker task (Ullsperger & von Cramon, 2006). In
general, altered neural responses despite preserved
behavior therefore are not particularly unusual. Interest-
ingly, such a pattern of results has also been reported for
feedback-based learning (Rustemeier et al., 2016) and in
the acquisition phase of learning stimulus related contin-
gencies in cerebellar lesion patients (Thoma et al., 2008),
However, impaired learning performance in these patients
was present when the task required reversal of learned
stimulus-response-outcome contingencies (Thoma et al.,
2008). Based on these observations, it could be specu-
lated that the simple Flanker task used in the present
study may not have been sensitive enough to detect
more subtle performance differences as a function of
stimulation site. It is conceivable that impaired cerebellar
function may specifically affect behavioral flexibility, as
suggested by findings of impaired feedback-based learn-
ing in cerebellar lesion patients only when the task
involved reversal learning (Thoma et al., 2008). Behav-
ioral flexibility is not tested in the Flanker task. Future
studies could therefore investigate feedback-based
learning and/or reversal learning in the context of cere-
bellar TMS.

When analyzing error rates according to TMS timing
relative to response execution, we observed increased
error rates in trials in which pulses had occurred after the
response compared to trials in which pulses had occurred
prior to response, irrespective of stimulation site. Thus,
this effect is not informative about cerebellar contribu-
tions to error processing. Given that there were no base-
line differences in error rates (based on flanker pre-task
runs, see Fig. S1), this effect cannot be attributed to dif-
ferences in baseline performance. It could, however, be
speculated that the pulses themselves (regardless of
where they were delivered) may have elicited a small star-
tle response that could have slowed down subsequent
responses. Along these lines, decreased error rates for
trials in which pulses had occurred prior to the response
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could reflect a speed-accuracy trade-off, if increased
accuracy after pre-response pulses coincided with
increased response times. Unfortunately, response times
could not be meaningfully analyzed according to TMS
timing relative to response onset because stimulation
timing was determined based on the IEL.

4.1. Limitations

This complex and technically advanced procedure led to
some unique challenges and limitations that are relevant
when interpreting the present results.

To begin, stimulation location was based on anatomi-
cal landmarks and not neuro-navigated. Moreover, the
pulses were generated using two Magstim 2002 in the
Bistim configuration to overcome the challenge of the
recharge period of the individual stimulators that is deter-
mined by the used output power, which varied greatly
across the participants (see Table S1 in the Supplemen-
tary Material). Nevertheless, individual trials still had to be
removed before analysis because no pulse had occurred.
This was mostly due to the development of heat in the
coil which caused the system to shut down so that the
task was still running, and EEG was still recorded but no
pulses were delivered. Here, the number of trials and
breaks between the blocks need to be considered when
planning a similarly fast-paced task in which monophasic
single pulses are delivered across several hundreds of
trials. Monophasic pulses are more likely to cause over-
heating due to the higher electrical charge compared to
biphasic pulses (see Klomjai et al., 2015). Here, an exter-
nal cooling system could help reduce heating issues.

Furthermore, the stimulation sites were the cerebel-
lum and the vertex region, but we cannot exclude the
possibility that stimulation also affected other brain
regions. The direction of the magnetic field lines of the
double cone coil are well-established to target deeper
brain layers (Can et al., 2018), but at the expense of a
less focal stimulation in comparison to a figure-of-eight
coil. Therefore, it may have caused stimulation of other,
adjacent regions. This has been shown to be especially
critical for vertex stimulation, which caused decreases in
the BOLD signal in the default-mode network (see Jung
et al., 2016). Regardless, we expected vertex stimulation
to be a better control condition than sham because of a
more comparable experience for participants regarding
vibrations, coil click sounds, magnetic field build
(Duecker & Sack, 2015), and discomfort. Some of the
participants told us that they experienced the stimulation
as uncomfortable, and that focusing on the task was
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difficult because of the frequency of the pulses. Two
participants dropped out in the cerebellar stimulation
condition after the first block because they found the
stimulation very unpleasant. The short trial period and
jitter as well as the total number of trials might have con-
tributed to this. Nevertheless, no systematic differences
in ratings of these side effects were present between the
two sessions, demonstrating that TMS pulses were per-
ceived as similar for the stimulation sites (see Table S2 in
the Supplementary Material).

In addition, Nogo trials and the analysis of response
inhibition related ERP components were not the main
focus of this work. This was partially due to the unexpect-
edly strong impact of TMS-induced EEG artifacts that
hampered data analysis and result interpretation. In the
grand-average ERPs for Nogo trials, the TMS induced
artifacts did not completely disappear after preprocess-
ing (see Fig. S7 in the Supplementary Material), and ERP
components of interest, especially the Nogo-N2, occurred
in close temporal proximity to pulses. We were able to
identify the Nogo-N2 and Nogo-P3 to a certain degree,
with grand-average patterns resembling those described
in the literature (e.g., Rietdijk et al., 2014). The pulse arti-
fact itself was cut out of the segment by the ARTIST algo-
rithm, but there was still noise present that was likely
caused by aftereffects (e.g., decay artifact) superimposed
on the signal. Visual inspection of the grand-averages
showed that the artifact was temporally shifted depend-
ing on pulse timing and more visible for vertex compared
to cerebellar TMS, likely due to spatial proximity to ana-
lyzed electrode sites. Nevertheless, the grand-averages
were also very similar to those obtained in the Go/Nogo
pre-task without TMS pulses (see Fig. S2 for Go and
Fig. S3 for Nogo ERPs in the Supplementary Material).

5. CONCLUSION

The present study investigated the role of the cerebellum
for error processing using spTMS to stimulate the cere-
bellum while co-registering EEG. Applying cerebellar
TMS caused a blunting of the ERN, directly supporting
cerebellar involvement in performance monitoring. Of
note, this effect was not specific to erroneous responses
but generalized also to correct responses. Most impor-
tantly, our study also provides a first glimpse into tempo-
ral aspects of cerebellar contributions to error processing.
The effect of cerebellar TMS on the ERN depended on
pulse timing and was evident only when stimulation
occurred around the onset of the IEL or shortly after.
Finally, Pe as an index of late, more cognitive, awareness-
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related aspects of error processing, was not affected by
cerebellar TMS.

In general, the present study adds to a growing body
of research supporting cerebellar involvement in error
processing and performance monitoring. More studies
applying brain stimulation techniques are needed to fur-
ther develop this line of research and investigate other
aspects of performance monitoring such as feedback
processing and feedback-based learning to better under-
stand the role of the cerebellum for adaptive control of
(non-motor) behavior.
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Abstract

This study investigated cerebellar involvement in reinforcement learning and prediction error (RL-PE)
processing. Participants with pure cerebellar degeneration and matched healthy controls performed a
probabilistic feedback-based learning task while brain activity was recorded using electroencephalography
(EEQ). Structural magnetic resonance imaging was used to quantify cerebellar gray matter volume (GMV).
Data from 21 cerebellar and 25 control participants were included in the analysis. The feedback-related
negativity (FRN) in the event-related potential (ERP) was analyzed on single trial level as an indicator of
dopaminergic activity reflecting RL-PE coding in the forebrain. In addition, the ERP components P3a and
P3b were assessed. Learning performance did not differ between patients and controls. Crucially, while in
controls, coding of the unsigned RL-PE was found in the FRN and P3a for positive and in the P3b for
positive and negative feedback, these effects were absent in patients. Voxel-based morphometry revealed
widely distributed cerebellar GMV reduction in patients, most pronounced in bilateral Crus I/ IT and bilateral
lobules I-IV. Multiple regressions in patients revealed a negative correlation between GMV in bilateral Crus
I and II and FRN amplitudes. The present study extends previous evidence for cerebellar involvement in
RL-PE processing in humans and advances our understanding of the cerebellum’s role in performance

monitoring and adaptive control of behavior.

Key words: reinforcement learning, reward prediction errors, performance monitoring, cerebellum,

neurodegeneration, ataxia



Introduction

Reinforcement learning is a key cognitive ability that enables humans to process performance-related
external feedback and to adapt their decisions and actions accordingly (1). It relies on the processing of
reward prediction errors during reinforcement learning (RL-PEs) which arise when an action is followed by
an unexpected reward/punishment or by omission of an expected reward/punishment. Reinforcement
learning is associated with a distributed network of cortical and subcortical cerebral structures, especially
midbrain/striatum and the anterior cingulate cortex (ACC: 1). However, previous findings also point to RL-
PE processing in the cerebellum (2-5). The cerebellum had previously been suggested to form (sensory-)
predictions for action outcomes in terms of error-based learning, thus functioning as a forward model (6,7).
Cerebellar involvement in reinforcement learning is substantiated by neuroanatomical findings identifying
reciprocal cerebello-cerebral pathways (8) that enable the cerebellum to exchange information with higher
order, associative brain regions also involved in processing rewards (e.g., ACC). Furthermore, initial human
cerebellar lesion studies support a role in learning from (9) and processing of positive and negative feedback,
i.e., rewards and punishment (10). Recent rodent studies support this by showing reward sensitivity for
instance within cerebellar climbing fibers (11) and the mossy fiber-granule cell pathway (12, for a review

see 4).

Structural damage of the cerebellum can be caused by a wide range of disorders and frequently leads to
impairment of voluntary motor coordination, known as cerebellar ataxia (for a review, see 13). In addition,
nonmotor symptoms such as affective and cognitive alterations have been observed in cerebellar disorders
(14-19). Several studies have reported altered performance monitoring in patients with cerebellar damage
(e.g., patients with cerebellar stroke: 10,18,20; patients with cerebellar degeneration: 17,21). Performance
monitoring can be defined as a set of cognitive and affective functions that enables adaptive control of
behavior and includes processes such as error and feedback processing (22). One initial study (9) revealed
impaired reversal learning (i.e., re-learning once an initially learned rule for stimulus-response associations
had changed) in patients with cerebellar stroke. Rustemeier et al. (10) and Huvermann et al. (20) found
altered feedback processing in patients with cerebellar stroke. Using a probabilistic feedback learning task
while recording EEG, both studies obtained event-related potentials (ERPs) and quantified distinct
components of the ERP as indices of performance monitoring and reinforcement learning, e.g., the
feedback-related negativity (FRN, 23,24; also named reward positivity: RewP, 25). The FRN is a negative
deflection that peaks approximately 200 — 350 ms after feedback onset (23,26). The FRN has been shown
to be sensitive to feedback valence (with more negative amplitudes for negative compared to positive

feedback; 26-28) and violation of expectation (28,29). Additionally, the FRN was found to code RL-PEs



during learning (30,31) and is assumed to reflect striatal activity linked to reward processing and reward

expectancy 23,32; see 33 for a detailed review).

Consistent with Thoma et al. (9), Rustemeier et al. (10) did not show impaired reinforcement learning in
patients with cerebellar stroke. However, they did observe altered neural processing of feedback.
Specifically, the differentiation of positive and negative feedback as reflected in the negative-positive
difference signal in the FRN time window was increased in patients compared to controls, which could be
indicative of aberrant coding of surprise and thus, ultimately, altered coding of RL-PEs. However, RL-PEs

were not directly modelled in this study.

Of note, the FRN is not the only ERP component that is modulated by expectancy. The P3/P300 (a positive
deflection peaking between 300 and 500 ms after stimulus onset, 34) was also found to be sensitive to
expectancy (10,28,35). Indeed, both subcomponents of the P3, the frontal P3a and the parietal P3b, were
found to be sensitive to RL-PE coding (31,36-38).

Altered reinforcement learning in patients with cerebellar lesions is consistent with fMRI findings showing
cerebellar activations during feedback-based learning (e.g., 39; see 40, for a comprehensive systematic
review, and 41, for a meta-analysis on reward anticipation and reward outcome processing). The present
study aimed to further characterize the cerebellum’s role in reinforcement learning by investigating patients
with progressive cerebellar degeneration, and by focusing on coding of RL-PEs. To this end, the FRN as an
index of RL-PEs reflecting dopaminergic activity in striatum and ACC was assessed. Importantly, previous
research has shown that feedback timing is an important factor for feedback processing: FRN amplitudes
(in the negative-positive difference signal) decreased with increasing delay between response and feedback
(42), consistent with a shift away from striatal processing for delayed compared to immediate feedback (43).
Along these lines, it is conceivable that cerebellar involvement in feedback processing and RL-PE coding

is modulated by feedback timing.

The present study used a probabilistic feedback learning task in which feedback was present either
immediately (500 ms post-response) or with a 6500 ms delay. Relationships between (possibly altered)
behavioral performance, FRN and P3a/b, and cerebellar gray matter volume (GMV) were investigated using
structural imaging data. Patients with cerebellar degeneration were hypothesized to show decreased
accuracy in the task relative to healthy controls. Second, differences in accuracy as a function of feedback
timing were expected in patients, with decreased accuracy for immediate feedback. In contrast, we did not
expect differences in accuracy as a function of feedback delay in controls (42). We also expected reduced
choice switching in patients compared to controls, consistent with decreased behavioral flexibility (9). In
addition, altered FRN, P3a and P3b amplitudes in patients compared to controls for immediate feedback
and for trials with high unsigned RL-PEs (low expectancy) but not low unsigned RL-PEs (high expectancy)
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were expected. Last, we investigated whether GMV in patients as revealed by whole-brain and cerebellar
voxel-based morphometry (VBM) would link specific cerebellar subregions to alterations in behavior or
neural response patterns. Based on the cerebellar functional topography (45) and previous findings on error

processing (17,18), posterolateral regions were hypothesized to be most critical.

The study protocol and hypotheses were preregistered on the Open Science Framework (OSF:
https://ost.io/fgw8h/)

Methods

Sample

Fifty-nine participants were recruited of which 28 were patients and 31 healthy controls. Information on the
a priori power analysis for the preregistered repeated measures ANOVA is provided in the supplement. For
the patient group, only individuals with pure forms of cerebellar degeneration were included, such as

spinocerebellar ataxia type 6 (SCA6), for details see Table 1.

Patients were recruited from the ataxia clinics of the Departments of Neurology at the University Hospitals
Diisseldorf and Essen, Germany. Exclusion criteria for patients were alcohol and illicit substance abuse,
presence of other neurological disorders or psychiatric disorders except for mild depression. As participants
received structural MR imaging, typical exclusion criteria for MRI studies applied, such as prosthesis,
metallic clips, pacemakers, insulin pumps, claustrophobia, and pregnancy. All patients underwent
neurological and neuropsychological assessment (for details, see Table 2 and Table S1 in the supplement).
Healthy participants were recruited via newspaper advertisements and postings at the respective university
and/or clinic. Control subjects were matched to the patients regarding sex, age, and educational attainment.
Exclusion criteria for control subjects were presence or history of any neurological disorders, psychiatric
disorders other than sufficiently treated depression (e.g., antidepressants/psychotherapy; this was due to the
high prevalence of depression in the patients), and alcohol or illicit substance abuse. In addition, MRI
exclusion criteria also applied. All control participants underwent neuropsychological testing but did not

receive a neurological examination.

After inspecting the structural MRI data (T1- and T2-weighted scans; not available for one patient and one
control subject) and EEG data as well as evaluating the questionnaires, a total of thirteen participants had to
be excluded from data analyses (seven patients, six controls). One patient and one control subject were
excluded due to severe white matter hyperintensities/lesions as rated by three reviewers (A.B., A.R., M.M.)
including an experienced neurologist (M.M.) using the Scale for Age-Related White Matter Changes
(ARWMC, scoring with 3, 46). Two individuals from the control group (hydrocephalus, lacunar lesion

within the cerebellum) and one patient (hydrocephalus) were excluded based on incidental findings. One
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patient and one control subject were excluded due to current psychological disorders (major depression and
agoraphobia, respectively). Inspecting the EEG data, another six participants (four patients and two control
subjects) had to be excluded due to poor signal quality (n = 3), excessive movement during the experimental

task (n = 1), or technical issues resulting in data loss (n = 2).

In total, data from 21 patients (n = 8 female, mean age in years = 51.38, SD = 14.70) and 25 healthy controls
(n = 10 female, mean age in years 52.52, SD = 13.72) were included in the behavioral and ERP analyses.
VBM was performed using a subset of n = 18 patients because one patient (sub-pat-28) had not been able
to participate in the MRI session and two patients with SCAR10 (sub-pat-23, sub-pat-24) revealed massive
atrophy in the cerebellum and were identified in a homogeneity analysis as extreme outliers (see Figure S3
for a boxplot and Figure S4 for a gray matter slice for each patient in the supplement). For the group
comparison, a subset of n = 24 control subjects was used because MRI data were not available for one

individual. Detailed demographic information about each included patient can be found in Table 1.

The present study was conducted in accordance with the ethical principles for medical research involving
human subjects outlined in the revised version of the Declaration of Helsinki (47), and had received ethical
clearance by the Ethics Committees of the Faculty of Medicine at Heinrich Heine University Diisseldorf,

Germany, and of the University Hospital Essen, Germany.
Neurological and neuropsychological assessment

Severity of ataxia symptoms in patients was assessed using the Scale for the Assessment and Rating of
Ataxia (SARA; 48). To assess possible cognitive and/or affective impairments, the German version (49) of
the Cerebellar Cognitive Affective Syndrome Scale (CCAS; 50) was used in both groups. In addition, the
intelligence quotient (IQ) was estimated based on performance in a multiple-choice vocabulary test, i.e., the
MWT-B (Mehrfachwahl-Wortschatz-Intelligenztest Version B; 51). The BDI-II (Beck Depression Inventory
2; 52) was used to measure severity of depression, and handedness was assessed using the EHI (Edinburgh
Handedness Inventory: 53). Group means and comparisons for the different tests and questionnaires are
provided in Table 2. Table S1 in the supplement contains further neurological scores and results on

questionnaires regarding motor and nonmotor symptoms as well as general quality of life.
Task

Participants completed two versions of a probabilistic feedback-based learning task as described by
Eppinger et al. (54), Bellebaum & Colosio (55), and Huvermann et al. (20) in two sessions that took place
on two consecutive days. EEG was recorded concurrently. The task versions differed in feedback delay and

stimulus sets (see below) but were otherwise identical.



Table 1 - Patient characterization

Number Type of disease Age (years) Sex EHI-LQ
sub-pat-01 SCA6 54 m 100
sub-pat-03 SCARS 29 m 100
sub-pat-04 SCA6 66 f 100
sub-pat-05 SCA14 64 m 73.33
sub-pat-06 SCA48 38 m 100
sub-pat-08 SCA27B 29 m 100
sub-pat-09 SCA27B 70 f 100
sub-pat-10 SCA14 65 f 100
sub-pat-13 SCA14 43 m 100
sub-pat-14 SCA14 40 m 100
sub-pat-16 SCA14 61 m 100
sub-pat-17 CACNAIA 55 m 100
sub-pat-18 SCA14 38 f 100
sub-pat-19 SCA27B 67 m 100
sub-pat-20 SCA14 62 f 100
sub-pat-22 SCA6 71 m 100
sub-pat-23 SCAR10 32 f 100
sub-pat-24 SCARI10 (ANO10) 33 f 100
sub-pat-26 SCA6 66 m 100
sub-pat-27 Early-onset cerebellar ataxia! 43 m 100
sub-pat-28 SCA14* 53 f 20

Note. SCA = Spinocerebellar ataxia (autosomal dominant), ADCA III = Autosomal dominant cerebellar ataxia

type III (pure cerebellar degeneration, no known gene mutation), SCAR10 = Spinocerebellar ataxia - autosomal

recessive, CACNA1A = calcium voltage-gated channel subunit alphal A mutation, m = male, f = female, 'Genetic

defect not yet found. *Patient did not take part in the MRI session. Handedness was measured using the EHI

obtaining the lateralization quotient (LQ).
The task consisted of eight blocks with 40 trials each, thus 320 trials in total. Figure 1 illustrates the time
course and sequence of stimulus presentation in one trial of the task. Each trial began with a fixation cross
presented for 500-1500 ms. Next, one of four abstract stimuli was presented for 1500 ms, and participants
were asked to respond by pressing the left or right button on a response box. The choice options were
represented by red rectangles which stayed on screen for further 1500 ms, if no response was given. Once a
response was given, the respective rectangle was highlighted for 200 ms to visualize the given response,
followed by a black screen for 500 ms in the task version with immediate feedback condition, and for 6500
ms in the task version with delayed feedback. Last, feedback was displayed for 1000 ms. Feedback was
either displayed as a monetary reward of "+20ct" in green font as positive feedback or "-10ct" in red font as

negative feedback. Two stimuli were linked to random feedback (50 % positive and 50 % negative feedback

independent of response) and served as distractors, while for the other two stimuli, choosing the correct



option (left or right, respectively), resulted in positive feedback 90% of the time and in negative feedback

10% of the time. These two stimuli will henceforth be referred to as “learnable”.

Table 2 - Results of the neurological and neuropsychological assessment

Function and test Patients (M/SD) Controls (M/SD) p-value
Premorbid intelligence (MWT-B) 108/10.81 111.4/9.84 282
Severity of ataxia (SARA) 9.17/3.47 NA

Neuropsychological deficits (CCAS-Scale) 1.33/1.46 1.48/1.76 945
Depressed mood (BDI-II) 8.38/5.73 3.12/2.82 <.001

Note. t-tests for parametric and Wilcoxon rank test for non-parametric distribution were calculated. N =21
patients, N =25 controls.

In case a participant had learned so fast that they exceeded the learning criterion of 65 % correct responses
for the learnable stimuli by the second of eight blocks, a new stimulus set was provided to increase the
number of pre-learning trials. This was the case in 32 participants (15 patients, 17 controls). If a participant
did not exceed the learning criterion until the eighth and last block, a ninth block was added to generate
post-learning trials. This was the case in one patient and one control subject for one task version. Trials with
responses made within 100 ms after stimulus onset, responses given later than 3000 ms after stimulus onset,

or multiple responses were excluded from analysis.

— Fixation (500 — 1000 ms)

— Stimulus (1500 ms)

— Options (until response, max. 1500 ms)

— Choice (200 ms)

— Delay period
Immediate feedback: 500 ms
Delayed feedback: 6500 ms

— Feedback (1000 ms)

P
e
(7, s

Figure 1. Schematic illustration of the time course and sequence of stimulus presentation in one trial of the probabilistic
feedback-based learning task. Each trial started with a fixation cross, followed by a stimulus along with two response
options (left or right) presented for 1500 ms. Responses had to be made within 3000 ms after stimulus onset as indicated
by the grey shading. The response was highlighted on screen for 200 ms. Subsequently, feedback was provided after
a delay period of either 500 ms (immediate feedback) or 6500 ms (delayed feedback), with positive feedback indicated

by “+ 20 ct” in green color and negative feedback with “-10 ct” in red color. Feedback was displayed for 1000 ms.



Procedure

Participants were seated in a brightly lit room in front of a laptop (DELL® Precision M4800, 15.4 inch with
a resolution of 1920 x 1080 pixels and a refresh rate of 60 Hz). Left and right button presses were made
with a response box (Cedrus RB-740, Science Plus Group, Groningen, NL) placed in front of the laptop. A
third key was used to navigate through instruction slides and pauses. Across both sessions, the distance
between response box and laptop was kept constant. After positioning the participant, the EEG cap was
fitted, and the electrodes were prepared. Subsequently, standardized task instructions were given, and five
practice trials were presented before the first block of the experiment started. Following the completion of
the probabilistic feedback-based learning task (approx. 30 min for the immediate feedback version, or 60
minutes for the delayed feedback version), demographic data, neuropsychological and neurological testing
and MRI data were obtained. The entire test session on the first day took approx. 2.5-3 hours. On the second
day, the other version of the probabilistic feedback-based learning task was conducted, either with
immediate or delayed feedback and a different stimulus set to avoid any spill-over effects between the
sessions. Version order and stimulus set were balanced across participants. The test session on the second

day took approx. 1.5-2 hours.
EEG acquisition and preprocessing

EEG was recorded from 28 active Ag/AgCl electrodes on an actiCAP (BrainProducts GmbH, Munich,
Germany) with the following electrode sites: Fz, F3, F4, F7, F§, FCI1, FC2, FCS5, FC6, Cz, C3, C4, CP1,
CP2, CP5, CP6, T7, T8, Pz, P3, P4, P7, P8, PO9, PO10, O1, 02, Oz. The electrode FCz served as on-line
reference, and AFz was used as ground electrode. Both mastoids were recorded for later re-referencing.
Horizontal (hEOG) eye movements were measured with an electrode positioned next to the other canthus
of the left eye and vertical (VEOG) eye movements/blinks were recorded using electrode position Fpl,
respectively. BrainVision Recorder software (version 1.21; BrainProducts, Munich, Germany) was used for
recording. Data were amplified with a BrainAmp DC amplifier, and impedances were kept below 25 kQ.

Data were sampled at 1000 Hz.

First, the EEG signal in each data set was visually inspected for noisy electrodes which were removed before
re-referencing. On average, 2.93 (SD = 1.33) electrodes (mostly occipital) had to be removed in eleven
participants. The signal was then re-referenced to the mean of the mastoid electrodes so that FCz could be
restored as an active electrode. Direct current (DC) detrending and a Butterworth filter with a low cut-off
of 0.1 Hz (time constant: 1.59), a high cut-off of 30 Hz, and a notch filter of 50 Hz were applied. As a next
step, oculomotor artifacts were corrected for using ocular correction independent component analysis as
implemented in BrainVision Analyzer 2 (version 2.2, Brain Products GmbH, Gilching, Germany) using

hEOG and vEOG for each participant. Data were then segmented into epochs of 800 ms, starting 200 ms
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before and ending 600 ms after feedback onset. Next, baseline correction was applied based on the 200 ms
preceding feedback onset, and automatic artifact detection was performed. Here, segments with a voltage
step above 50 pV/ms, values over 100 pV or below -100 pV, a difference of more than 100 pV between

values, or an activity lower than 0.1 pV within an interval of 100 ms were excluded.

On average, M = 6.53 % (SD = 9.28 %) feedback-locked segments were rejected per participant. Last, data
were exported via generic data export and then imported into MATLAB (version R2020b: MathWorks,

Natick, Massachusetts, USA) to run custom scripts to further process ERP components at single-trial level.

In the single-trial ERPs, we analyzed the amplitudes of FRN and P3a/b by determining the latencies in the
average per person for each condition: The FRN was defined as the local maximal negative peak within the
time window between 200 and 350 ms post-feedback at site FCz (29,42). For the P3a and P3b, a time
window of 300 — 500 ms was used to find the maximal positive peak. Single-trial peak amplitudes were
calculated using a time window around the peak for averaging the amplitude. For the FRN, P3a (electrode
FCz: 55), and P3b (electrode Pz: 34), a time window of 20 ms before and after the peak was used (40 ms

length for averaging). If no peak was detected in the respective average, the trial was coded as an outlier.
Prediction error modelling

A reinforcement learning model was used to estimate the prediction error 6 associated with positive and
negative feedback in each trial (PE: 56). Many previous studies have used this approach (e.g., 57-61). The
action values Q and PE 8 were modelled using a Rescorla-Wagner model (62). For the estimation of the PE
9, the information from the individual trial including the received feedback R and the given response a of

each participant were used:
Qat+1 = Qqe+ ax &
6t = Rt — Qar

A softmax function (56) was used to model response probabilities by estimating the probability of the chosen

action and its respective action value Q for each action option a and time point ¢ (trial):

eB*Qal,t

Payt = eB*Qal,t + eB*Qaz,t

The model was fitted using the fmincon function implemented in MATLAB (version R2020b). The fmincon
function minimized the negative sum of log-likelihoods minus a gamma distribution of B with a shape
parameter of 2 and scale parameter of 3 to adjust for high B (60,63). The learning rate o was separately
estimated for positive and negative feedback and each stimulus. We allowed o to assume any value between

0 and 1. In addition, we calculated an inverse temperature 3 for exploration behavior assuming any value
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between 0 and 50. In the statistical analysis, valence and the unsigned PE were used as separate predictors,

as the signed PE correlates with feedback valence.
Voxel-based morphometry

Imaging data were acquired with a 3T MR scanner (MAGNETOM Trio, a Tim System, Siemens
Healthineers AG, Forchheim, Germany) using a 12-channel head coil. This included 3D T1-weighted
magnetisation-prepared rapid acquisition gradient-echo (MPRAGE) sequence (voxel size 1 mm?®). The
complete MRI protocol can be found in the OSF folder. DICOM files were transformed into the Brain
Imaging Data Format (BIDS: 64) by using the BIDSmapper and BIDScoiner applications (65).

VBM (66,67) was used to characterize GMV loss in patients relative to controls, and to relate possible group
differences found in the feedback-based learning task and/or in EEG measures to specific cerebellar regions
using multiple regression. For the whole-brain VBM, we used the Computational Anatomy Toolbox
(CATI12: 68) implemented in the Statistical Parametric Mapping software package (SPM12: Wellcome
Department of Cognitive Neurology, London, UK) in MATLAB (version R2020b). The default
preprocessing procedure was used, and we calculated the total intracranial volume (TIV) for each
participant. In addition, we checked the homogeneity of the whole-brain data for all participants. Last, the
preprocessed gray matter images were smoothed using an 8 mm full-width half-maximum (FWHM)

gaussian kernel.

For the cerebellar VBM, we applied an optimized approach to isolate the cerebellum using the Spatially
Unbiased Infratentorial toolbox (SUIT: 69). We followed previous analysis protocols to conduct VBM in
SUIT (17,70) and visually inspected the preprocessed images for each subsequent analysis step to ensure
sufficient data quality. First, the cerebellum and brainstem were isolated using the standard isolation and

segmentation procedure in SUIT which created gray and white matter maps as well as the respective masks.

For six datasets, we additionally used T2-weighted images (Sampling Perfection with Application optimized
Contrasts using different flip angle Evolution: SPACE) and fluid attenuated inversion recovery (FLAIR;
see supplemental material for MRI protocol details) to optimize the isolation and segmentation procedure
of the cerebellum because of poor results after visual inspection of an initial isolation and segmentation run.
The T1-weighted images were oriented according to the AC-PC line, and the T2-weighted images were
subsequently registered on the reoriented T1-weighted images. After optimizing these six datasets, results
improved. In the next step, all cerebellar masks were hand-corrected by an expert (B.B.) using MRIcron
(https://www.nitrc.org/projects/mricron). This step was conducted to correct the automatically generated
masks for any occipital cortex within the cerebellar mask and to add any missing cerebellar matter.

Afterwards, the isolated and segmented gray matter maps were spatially normalized to the SUIT template
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using the normalization procedure with Dartel. Next, we resliced the spatially normalized gray matter maps

using Dartel into SUIT-space with 1mm? voxel size and with a 2 mm FWHM gaussian kernel.
Statistical analysis

Accuracy in each version (immediate/delayed feedback) of the probabilistic feedback learning task was
calculated as the mean percentage of correct responses for all learnable trials per block corrected for misses
(> 3000 ms), multiple responses, and too fast responding (within 100 ms following stimulus onset). In
addition, choice switching was calculated on the single trial level by checking whether the response in the
next trial with the same stimulus was the same or different compared to the current trial. We deviated from
the preregistration and conducted mixed linear model (MLM) analysis instead of analysis of variance
(ANOVA) because we decided to analyze the RL-PE which is a single-trial predictor and cannot be analyzed
using ANOVA. MLMs are robust against missing values and can additionally model each participant as a
random factor to explain more variance. MLMs were conducted in R (R Core Team, version 4.0.3) using
RStudio (version 1.3.959) and the Ime4 package (version: 1.1.25, 71). Meteyard and Davies (72) advise in
their best practice guidelines to use the maximum model including all within-subject main and interaction
effects as random effects as long as no errors in model fit occur (e.g., convergence errors or singular fits).
The buildmer (version 2.8) package was used to find the maximum model by fitting the MLM in an ordered
stepwise manner by deleting terms that led to convergence errors. In addition, the optimizer was changed
from default to bobyga when the buildmer model did not converge after using the /mer function to check

the model. Outlier detection was conducted using Cook’s distance.

For the behavioral data, we determined accuracy as the percentage of correct responses (i.e., selection of the
option with a higher chance of positive feedback) for learnable trials. Non-learnable trials were not
considered in the analysis. The between-subjects factor group (patients, controls) and the within-subject
factors feedback timing (immediate, delayed) and block (block 1-8, scaled using the built-in scale function)
were included as fixed-effects and the within-subject factors main effects and interaction as random slopes

per participant:
Accuracy ~ group*feedback timing*block + (1+feedback timing*block|participant)

To investigate behavioral flexibility, choice switching was analyzed with the factors group, feedback
valence, feedback timing, response type, and block (block 1-8, scaled), and the within-subject factors were

again used as random slopes per participant

Choice switching ~ group*feedback timing*feedback valence*response type*block + (1+feedback timing

+feedback valence+response type+feedback valence:response type|participant)
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Third, for the single-trial ERP analyses, separate models were calculated for FRN, P3a, and P3b amplitudes
as dependent variables. We calculated the unsigned prediction error (unsigned PE) using the unsigned value
of each PE to separate the sign from the PE and subtracting the value from 0.5 to center the range (-0.5
minimum and 0.5 maximum value). The between-subjects factor group (patient, control) and the categorical
within-subject factors feedback timing (immediate, delayed), feedback valence (positive, negative), and
learnability (learnable, unlearnable) were included. In addition, we modelled the continuous predictor
unsigned PE. Their main effects and interactions were used as fixed effects. To account for individual
differences, a random intercept per participant and random slopes per participant for all within-subject

factors main and interaction effects were used:

FRN ~ group*feedback timing*feedback valence*unsigned PE*1earnability + (1+feedback

timing*feedback valence+learnability|participant)

P3a ~ feedback timing*group*unsigned PE*feedback valence*learnability + (1+feedback timing+

feedback valence|participant)

P3b ~ feedback timing*group*unsigned PE*feedback valence*learnability + (1+feedback timing+

feedback valence+unsigned PE+feedback valence*unsigned PE|participant)

All categorical predictors were simple coded: group (0.5 = patient, —0.5 = control), feedback timing (0.5 =
delayed feedback, -0.5 = immediate feedback), feedback valence (0.5 = positive feedback, -0.5 = negative
feedback), learnability (0.5 = learnable, -0.5 = unlearnable), response type (0.5 = correct, -0.5 = false). The
ImerTest package (version: 3.1.3 , 73) in R including the Satterthwaite’s method to estimate the degrees of
freedom and to generate p-values for MLMs was used. P-values below .05 were considered as statistically
significant. Interactions were resolved using the probe_interaction function to estimate simple slopes based

on the moderating factors of interest.

The preprocessed whole-brain volumes and cerebellar gray matter volumes were analyzed using two-sample
t-tests and for the patients, the cerebellar GMV was correlated (separately for positive and negative
correlations) for significant group differences derived from the learning task. The total intracranial volume
and age were used for all analysis as covariates of no interest within the framework of the general linear
model (GLM) as implemented in SPM12. First, we compared the cerebellar GMV for the whole-brain data
between patients and controls (contrast control > patient) using two-sample #-test. Second, we used the
cerebellar GMV for the same contrast. Third, for the multiple regression analysis we aggregated the single-
trial FRN across all trials for each patient as a covariate of interest. All regressors were demeaned before
entering the final model. For the statistical threshold, we used the Family-wise error (FWE) corrected p-
value < .05 for the between-subjects comparison and an uncorrected p-value (p < .001) for the multiple

regression. Last, the contrasts were masked using the SUIT atlas with 1 mm resolution, and the cerebellar
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lobules were labelled using the probabilistic MRI atlas of the human cerebellum according to Diedrichsen

et al. (74).

Results

Accuracy

MLM analysis revealed a significant main effect of feedback timing (B = -4.52, #(44.00) = -2.11, p = .041).
Across groups, accuracy was increased for delayed (M = 73.66 %, SD = 22.02 %) compared to immediate
feedback (M = 68.81 %, SD = 22.10 %). The main effect of block was also significant (f = 5.50, #(44.00) =
7.09, p <.001), with lower accuracy at the beginning of the task (first block: M = 59.79 %, SD = 20.56 %)
than at the end (last block: M = 78.38 %, SD = 23.05 %). All other main and interaction effects were
nonsignificant (all p > .087; n = 46, see Figure 2A and Table S2 in the supplement for the complete results).

Choice switching

The analysis of choice switching revealed a significant main effect of feedback valence (B =-0.42, #(37.94)
=-9.59, p <.001). Choice switching was reduced for positive compared to negative feedback (see Figure
2B for the plot and Table S2 in the supplement). In addition, choice switching was reduced after correct
compared to incorrect choices (B = -0.34, #(40.37) = -4.63, p < .001). Also, the main effect of block was
significant (f = -0.06, #(7167.74) = -3.98, p <.001). Choice switching was more frequent at the beginning

of the task compared to later.

Moreover, the three-way interaction between feedback timing, group, and block was significant (p =-0.12,
t(7414.71) = -1.98, p = .048; see Figure 2B. Simple slopes were resolved using the factors feedback timing
and group as moderators. The analysis revealed two significant timing effects for both groups: decreased
choice switching for immediate (controls: f =-0.06, SE = 0.02, t=-2.72, p = .007; patients: = -0.08, SE =
0.03, t =-3.35, p <.001) and delayed feedback with task progression (controls: p =-0.13, SE = 0.02, ¢ = -
5.12, p <.001; patients: B =-0.06, SE=0.03, t=-2.37, p=.018).

Across groups, the interaction between response type and feedback timing was also significant (§ = 0.16,
#5010.70) = 2.55, p = .011). Simple slope analysis using response type as the moderating factor showed
that for correct choices, the effect was significant ( = 0.14, SE = 0.04, ¢ = 3.60, p <.001), indicating more
choice switching for immediate compared to delayed feedback. For incorrect choices, the effect was

nonsignificant (p = .905).

In addition, the interaction between response type and feedback valence across both groups was significant

(B=0.18, #32.51) = 2.09, p = .044). Simple slope analysis using response type as the moderating factor
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revealed reduced choice switching for positive compared to negative feedback for incorrect (p =-0.51, SE

=0.08, t =-6.65, p <.001) and correct responses (f = -0.33, SE =0.04, t = -8.29, p <.001).

Last, the interaction between response type and block was significant (f = -0.12, #6913.05) = -4.08, p <
.001). Simple slope analysis using response type as the moderating factor revealed a non-significant effect
for block (p =.692) for incorrect choices, indicating a constant rate of choice switching throughout the task.
In contrast, the effect for correct responses was significant (B =-0.11, SE=0.01, ¢ =-10.02, p <.001), with

reduced choice switching in late compared to early blocks.
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Figure 2. Interaction plots for accuracy (A) and choice switching (B) with the categorial factors group, feedback timing,
and the scaled factor block. (A) For accuracy, a significant main effect of feedback timing indicated higher accuracy
for delayed compared to immediate feedback across groups. (B) For choice switching, asterisks indicate the significant
effects of decreased choice switching across the progression of the task. The strongest effect was found in controls for

delayed feedback. The smoothing around the lines indicates the 95% confidence interval for N = 46.
Feedback-related negativity (FRN)

Feedback-locked grand-average ERPs at electrodes FCz according to group (controls, patients), feedback

timing (immediate, delayed), feedback valence (positive, negative), and unsigned PE (high, low) are
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provided in Figure 3. A figure depicting grand-average ERPs (at FCz) including only feedback timing and

valence for each group is provided in the supplement (see Figure S1).

For single-trial FRN amplitude, a significant main effect of group emerged (p =-1.61, #(44.25)=-2.64,p =
.011), indicating a more negative FRN in patients (M =2.10 pV, SD = 7.54 uV) compared to controls (M =
3.61 uV, SD =8.04 uV). In addition, the main effect of feedback valence was significant (§ = 0.65, #(43.61)
= 3.85, p <.001), with more negative amplitudes for negative (M = 2.63 uV, SD = 7.75 uV) compared to
positive feedback (M =3.10 uV, SD =7.91 uV). The main effect of feedback timing was also significant (3
=-1.14, 1(44.45) = -2.50, p = .016). The FRN was more negative for delayed (M =2.28 uV, SD=8.10 uV)
compared to immediate feedback (M = 3.52 uV, SD =7.53 nV). Last, the main effect of unsigned PE was
also significant (B = 0.35, #(3000.76) = 2.22, p = .027), reflecting a less negative FRN for higher unsigned
PE relative to low PE.
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Figure 3. Feedback-locked grand-average ERPs at electrode FCz according to group (patients, controls), feedback
timing (immediate, delayed), feedback valence (positive, negative), and unsigned PE categorized into high unsigned

PE (> 0.5) and low unsigned PE (< 0.5). The gray rectangle indicates the time window for the FRN (200 — 350 ms).

Further, we discovered a significant three-way interaction between group, feedback valence, and unsigned
PE (B =-1.36, (5672.17) = -2.04, p = .041, see Figure 4A for the interaction plot). Simple slope analyses
with the moderating factors group and feedback valence revealed a significant effect on the unsigned PE for
controls when feedback was positive (p=0.98, SE =0.30, t=3.26, p =.001). More positive FRN amplitudes

were present for higher unsigned PE. All other effects were nonsignificant (all p > .256).
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In addition, the interaction between group and feedback timing was also significant (B = 2.06, #(44.45) =
2.26, p = .029 see Figure 4B for the interaction plot). Simple slope analyses with the moderating factor
group revealed a significant effect for controls (B =-2.23, SE = 0.63, t = -3.54, p < .001), indicating that the
FRN was more negative for delayed (M = 2.49 uV, SD = 8.25 pV) compared to immediate feedback (M =
4.72 uwV, SD =17.68 uV). For patients, the effect for feedback timing was nonsignificant (p = .848).

The interaction between feedback valence and feedback timing was also significant (f = -0.81, #45.29) = -
2.34, p = .024, see Figure 4C). Simple slope analysis revealed that the effect for immediate feedback was
significant (B =1.05, SE=0.23,t=4.61, p <.001), indicating a more negative FRN for negative (M = 3.05
uV, SD =7.52 uV) compared to positive feedback (M = 3.89 uV, SD = 7.53 uV). The effect for delayed
feedback was nonsignificant (p = .526). All other main and interaction effects were nonsignificant (all p >

.079). A full table of the statistical output can be found in Table S4 of the supplemental material.
P3a

Analysis of the single-trial P3a revealed a significant main effect of feedback valence (p = 0.57, #(45.88) =
4.03, p < .001). The P3a was increased for positive (M = 5.41 pV, SD = 7.86 pV) compared to negative
feedback (M = 5.03 pV, SD = 8.10 uV). Also, the main effect on learnability was significant (p = -0.43,
#(26984.07) = -4.45, p < .001). The P3a was more positive for unlearnable (M = 5.52 pV, SD = 8.00 pV)
compared to learnable trials (M = 4.98 uV, SD = 7.92 pV). In addition, the main effect of the unsigned PE
was significant (f = 0.56, #(3715.93) =3.81, p <.001). The estimate of the effect indicated a more positive
P3a for higher unsigned PEs. All other main effects were non-significant (all p-values > .087, see later time
window (300 — 500 ms) in Figure 3A for the grand averages and Table S4 in the supplemental material for
the detailed results).

Further, a significant three-way interaction between group, feedback valence, and unsigned PE emerged (3
=-2.53,14(26811.17) =-3.95, p <.001, see Figure 3B for the grand-averages separately for high and low PE
and Figure 5A for the interaction plot). Simple slope analysis with the moderating factor group revealed a
significant effect for positive feedback for controls (f = 1.95, SE = 0.28, ¢ = 7.01, p < .001), with more
positive P3a amplitudes for higher unsigned PEs. All other simple slopes were non-significant (all p-values

> .196).

A significant three-way interaction was also present with the factors group, learnability, and unsigned PE
(B=-1.18, #(18997.71) = -2.10, p = .036, see Figure 5B for the interaction plot). Simple slope analysis with
the moderating factor group revealed a significant effect for learnable trials in controls (B =1.56, SE =0.29,
t=5.28, p<.001), with more positive P3a amplitudes for higher unsigned PEs. All other simple slopes were

non-significant (all p-values > .124).
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Figure 5. Panel A shows the interaction plot for single-trial P3a amplitudes at FCz according to group (patients,
controls), feedback valence (positive, negative), and unsigned PE. The PE effect for positive feedback modulated by
group and unsigned PE was significant in the control group. Panel B shows the significant interaction between group,
learnability (learnable, unlearnable), and unsigned PE. The effect on learnability modulated by group and unsigned PE
was significant in controls. Asterisks indicate significant effects. The smoothing around the lines indicates the 95%

confidence interval for N = 46.
P3b

Feedback-locked grand-average ERPs at electrode Pz according to group (controls, patients), feedback
timing (immediate, delayed), feedback valence (positive, negative), and unsigned PE (high, low) are
provided in Figure 6. A figure with grand-average ERPs (at Pz) including only feedback timing and valence

is provided in the supplement (see Figure S2).

For the single-trial P3b, analysis revealed a significant main effect of feedback timing (B = 2.18, #(44.35) =
3.95, p <.001), indicating that the P3b was more pronounced for delayed (M = 7.30 pV, SD = 9.08 puV)
compared to immediate feedback (M = 5.23 uV, SD = 9.08 uV). In addition, the main effect of feedback
valence was significant (B = 0.74, 1(44.21) = 4.06, p <.001), with higher P3b amplitudes for positive (M =
6.51 pV, SD =8.59 pV) compared to negative feedback (M =5.93 pV, SD =8.71 pV). Also, the main effect
of the unsigned PE was significant ( = 0.54, #(44.89) =2.47, p = .017), revealing increased P3b amplitudes
with higher unsigned PEs. Last, the main effect of learnability was significant ( = -0.34, #(26836.04) = -
3.21, p <.001), with decreased P3b amplitudes for learnable (M = 6.03 pV, SD = 8.71 uV) compared to
unlearnable trials (M = 6.49 uV, SD = 8.57 uV).

A four-way interaction between group, feedback timing, feedback valence, and unsigned PE was also
significant (f =-3.79, #23933.17)=-2.71, p = .007). To resolve this interaction, we created separate models

for patients and controls.
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Figure 6. Feedback-locked grand-average ERPs at electrode Pz according to group (patients, controls), feedback timing
(immediate, delayed), feedback valence (positive, negative) and unsigned PE categorized into high unsigned PE (>

0.5) and low unsigned PE (< 0.5). The gray rectangle indicates the time window for the P3b (300 — 500 ms).

For patients, the main effects of feedback timing ( = 3.00, #(20.06) = 4.89, p <.001) and feedback valence
(B = 0.74, 1(19.45) = 3.39, p = .003) were significant. P3b amplitudes were more positive for delayed
feedback (M = 7.21 uV, SD = 8.49 uV) compared to immediate feedback (M =4.18 uV, SD = 7.44 uV).
Additionally, the P3b was more positive for positive feedback (M = 6.09 uV, SD = 8.05 uV) compared to
negative feedback (M =5.20 uV, SD = 8.20 uV). All other main and interaction effects for this model were

non-significant (all p-values > .050).

For controls, a main effect of unsigned PE was significant ( = 0.70, #(3307.36) = 3.12, p = .002 with higher
P3b amplitudes for higher unsigned PE. In addition, a three-way interaction between feedback timing,
feedback valence, and unsigned PE was significant (f = 2.42, #(13684.19) = 2.55, p = .011, see Figure 7 for
the interaction plot). Simple slope analysis moderated by feedback timing and feedback valence revealed a
significant effect on the unsigned PE for positive, delayed feedback (B =2.36, SE =0.44, t=5.43, p <.001).
The P3b amplitude was more positive, i.e. increased, for higher unsigned PEs when feedback was positive
and delayed. In addition, a significant negative effect on the unsigned PE for negative, delayed feedback
was present (p = -0.97, SE = 0.49, t = -2.01, p = .045). For negative, delayed feedback, P3b amplitudes
decreased with higher unsigned PEs. A positive effect on the unsigned PE for positive, immediate feedback
was also significant (B = 1.18, SE = 0.44, t = 2.65, p = .008), indicating more positive P3b amplitudes for
higher unsigned PEs. The effect for negative, immediate feedback was nonsignificant (p = .595). The full
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results tables for the main model on the P3b (see Table S6) and subordinate group-specific models (see

Table S7 for patients and S8 for the controls) are provided in the supplemental material.
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Figure 7. Interaction plots for the single-trial P3b at electrode Pz. The categorical factors are feedback timing
(immediate, delay), feedback valence (positive, negative), and the continuous factor unsigned PE. Panel A: the effects
for positive immediate and positive and negative delayed feedback in the control group were significant. Asterisks

indicate significant effects. The smoothing around the lines indicates the 95% confidence interval for n = 46.
Voxel-based morphometry (VBM)

The analysis of GMV in patients (n = 18) and controls (n = 24) revealed significant volume reduction in
patients in widely distributed cerebellar clusters (see Figure 8A and Table S10/ S11 in the supplement for
the whole-brain and Figure 8B for the cerebellar results uncorrected and in Figure 8C the FWE corrected
and Table 3 for the peak coordinates of the largest cluster after FWE correction in SUIT-space). Note that

there were no extracerebellar clusters with significant volume reduction in patients relative to controls.

Cerebellar VBM revealed the most pronounced GMV reduction (here shown for cluster size > 500 voxel)
in right Crus I (1452 voxel), right Crus II (1401 voxel), left Crus II (872 voxel), right I-IV (828 voxel), right
IX (742 voxel), left I-IV (706 voxel), left Crus I (677 voxel) and left IX (563 voxel, see Table S9 in the

supplement for a complete list of clusters and Table S10 for the list of uncorrected clusters).
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Table 3. Summary of the six local maxima from the largest cluster of the between subject contrast
control > patient

location side X Y V4 peak p-value peak z-value
VI right 29 -38 -35 p<.001 11.43

VIIb right 35 -43 -44 p<.001 10.13

Crus I left -39 -67 -36 p<.001 10.00

Crus II left -8 -80 -39 p<.001 9.80

-1V right 11 -44 -25 p <.001 9.52

IX right 10 -50 -46 p<.001 9.46

Note. Covariates of no interest were TIV and age. The cluster size was 11869 voxels. Results were FWE-corrected
for p < 0.05. Complete list of significant regions can be found in the supplement Table S9.

A. Whole-brain VBM: Control > Patient (FWE) B. Cerebellar VBM: Control > Patient (p uncorr.)
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Figure 8. Panel A: Whole-brain GMV reduction in patients compared to controls. Panel B: Cerebellar GMV reduction
in patients relative to controls (SUIT space) for uncorrected (p < .001) and in panel C after FWE-correction (for p <
0.05) projected on the cerebellar flatmap (75). TIV and age were used as covariates of no interest. The color bars

indicate the range of 7-values for whole brain and z scores for the cerebellar flatmaps.
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Multiple regression analysis revealed that volume reduction in bilateral Crus I (left =266, right = 103) and
Crus 1II (left = 620, right = 249 voxel) was associated with more positive (i.e., blunted) FRN amplitudes

(here shown for cluster size > 100 voxel, see Figure 9 and Table S12 for all clusters in the supplement).

Figure 9. Clusters in which cerebellar GMV loss in

Negative correlation FRN and GMV (p uncorr.)

patients relative to controls was linked to blunting of the
FRN (aggregated across all single trials). The biggest
cluster was present in left Crus II. TIV and age were used
as covariates of no interest. The color bar indicates the
range of z-scores. All identified clusters were uncorrected

p <.001.

Discussion

The goal of the present study was to investigate

feedback-based learning and RL-PE processing in

patients with pure cerebellar degeneration.

To this end, EEG was recorded while participants completed a probabilistic feedback-based learning task
in two sessions with different feedback timings, i.e. immediate feedback (delay = 500 ms) or delayed
feedback (delay = 6500 ms). FRN, P3a, and P3b in the feedback-locked ERP were analyzed in relation to
the PE for each individual trial. VBM was conducted on the whole-brain data and in a separate analysis for
the cerebellum to characterize GMV volume loss in patients relative to controls, and to potentially link
specific cerebellar regions to group differences in task performance and/or EEG measures reflecting RL-PE

processing.

Analysis of the behavioral data revealed that accuracy increased with task progression, indicating that
learning took place gradually. Importantly, we did not find the hypothesized group differences, nor
differential effects of feedback timing in patients. Likewise, Huvermann et al. (20) did not find behavioral
differences in choice accuracy between patients with cerebellar stroke and healthy controls in a similar
learning task. The present behavioral findings thus appear to suggest that the cerebellum is not differentially

involved in learning from immediate and delayed feedback.

Regarding behavioral flexibility, the present results revealed increased choice switching after incorrect
choices and after negative feedback, as expected. Choice switching was higher for correct choices during
immediate compared to delayed feedback across groups. Given that accuracy was generally increased for
delayed feedback (see above), this finding may hint at decreased uncertainty when feedback was delayed.

Interestingly, we found only subtle group differences in choice switching that related to task progression:
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While in controls, decreased choice switching for delayed relative to immediate feedback was found in later
task stages, such an effect was absent in patients, indicating that choice switching was not modulated by the
learning progress. This could hint at decreased behavioral flexibility in patients as has been reported in

patients with cerebellar damage for rule- and reversal learning tasks (see 40 for a review).

For the FRN, as expected, amplitudes were more negative for negative compared to positive feedback (e.g.,
26-28). In addition, the unsigned PE was reflected in the FRN, with more negative amplitudes for more
unexpected feedback (i.e., higher unsigned PE; e.g., 35,58). However, unexpectedly, the FRN was also more
negative for patients compared to controls. A previous study using a similar learning task found no
differences in the FRN between cerebellar lesion patients and controls, and no differences in healthy young
participants for cerebellar transcranial magnetic stimulation (TMS) compared to vertex TMS (20). In
addition, we found the expected more negative FRN for delayed compared to immediate feedback which is
in line with previous results for the FRN scored peak-to-peak in the original waveforms (relative to the
preceding P2) as opposed to in the difference signal (42). Crucially, further FRN analysis revealed
interesting group differences: Coding of the unsigned PE in the FRN was present in controls and not in
patients, albeit only for positive feedback. This finding in controls is consistent with recent reports of
modulation of the FRN by positive PEs (31,76), indicating that coding of high PEs (i.e., unexpected
feedback) in the FRN was more pronounced for positive compared to negative feedback. The absence of PE
coding in the FRN in patients in both timing conditions could be indicative of an overall deficit in PE coding.
Patients revealed an overall higher and more negative FRN than controls which could be explained by
increased unexpectedness independent of the PE during the task. Evidence for impaired coding of surprise,
which can also be interpreted as deficit in PE coding, was found in cerebellar stroke (10), but in this study,
PEs were not modelled at single-trial level. However, Huvermann et al. (20) did model RL-PEs and found
a similar pattern for the FRN, with completely absent RL-PE coding in cerebellar stroke patients compared
to controls. Interestingly, they also observed a lack of RL-PE coding in healthy subjects who received
cerebellar TMS. Together with the present findings, these results point to an association of cerebellar
dysfunction with deficits in coding of RL-PEs. Also, a very recent meta-analysis on PE processes in humans
discovered an association between unsigned PEs with cerebellar activation, among other regions (77). For

the signed PE, cerebellar effects were not found.

Analysis of the P3a revealed only in controls a specific effect for unsigned PE and positive feedback, with
a more pronounced P3a with higher unsigned PE, which is again in line with recent findings on the P300
showing an exclusive effect of positive PE coding for immediate feedback (31,76). Importantly, the P3a has
been linked to attentional reorienting and suggested to encode expectancy (35,58) which could explain the
positive PE effects as a surprise response in controls for immediate feedback. Similar to the FRN, no

significant coding of the unsigned PE in the P3a was observed in patients. Besides the FRN which was
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identified to reflect a non-binary signed RL-PE, the P3 was found to represent an unsigned PE in healthy
subjects (38). Also, they identified a more central scalp distribution of the P3 similar to the P3a when
analyzing the magnitude of the RL-PE solely by positive feedback. A more posterior distribution was
identified when taking positive and negative feedback together into the analysis reflecting the P3b. We did
not find an effect of feedback timing for the P3a which is in accordance with findings by Holtje and
Mecklinger (78).

Interestingly, modulation of the P3b by feedback valence, feedback timing, and unsigned PE differed
between patients and controls. This is particularly relevant because the P3b has been implicated in updating
of context-related information (34), and directly in PE processing (79). Stewardson and Sambrook (80)
demonstrated calculating great grand-averages across multiple studies that a parietal scalp deflection related
to reward PE processing was stronger than an earlier frontal effect, underlining the significance of the P3b
for processing of PEs. In line with this, the unsigned PE was coded in the P3b controls in the present study,
with more positive amplitudes for higher PEs. Likewise, a modulation of the PE by positive, immediate
feedback was present, with increased P3b amplitudes when the PE was high. Moreover, differential patterns
emerged for positive and negative delayed feedback: Amplitudes were more positive for higher positive PEs
but decreased with higher negative PEs. For positive immediate feedback, amplitudes were also more
positive for higher unsigned PEs. Crucially, coding of the unsigned PE in the P3b was completely absent in
patients. Together with largely absent PE coding in patients also in FRN and P3a, this result appears to
indicate a rather global alteration of feedback-related ERPs in cerebellar degeneration. Interestingly, patients
did show a generally more positive P3b for delayed feedback, which might be driven by the functional role
of the P3b for updating contextual information. Holtje and Mecklinger (78) found a more pronounced P3b
for immediate compared to delayed feedback in healthy subjects and linked this observation to increased
action value updating when feedback was presented immediately. Our control group did not reveal a main
effect of feedback timing, but we observed the opposite pattern in patients, with a decreased P3b for
immediate feedback. In our point of view, it is conceivable that context updating is more demanding for

longer delay duration due to higher working memory demand.

Whole-brain VBM results showed significant GMV reduction in patients compared to controls spanning
wide regions of the cerebellum. Importantly, whole-brain VBM revealed no extra-cerebellar differences
between patients and controls. Cerebellar VBM using SUIT showed the strongest GMV reduction in
bilateral Crus I/ II and other posterolateral regions of the cerebellum. The cerebellar regions Crus I and II
have been linked to cognitive functions in the past (81,82), and according to the functional atlas by King et
al. (45) and Van Overwalle et al. (83), Crus Il is particularly implicated in cognitive functions such as action
observation. GMV reduction particularly in bilateral Crus I/ II was associated with more positive FRN

amplitudes. At first glance, this finding is surprising, as the observation of generally more negative FRN
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amplitudes in patients compared to controls suggested that the direction of the correlation would be the
opposite. However, we assumed that the FRN would be blunted with increasing GMV reduction, as
previously shown for the response-locked ERP component ERN (error-related negativity: 84,85) in a similar
sample of patients with cerebellar degeneration (17), and also in line with recent findings in healthy subjects
when cerebellar function was disrupted due to single-pulse TMS applied to the posterolateral cerebellum
(86). Both, the FRN and ERN originate from the ACC (32,87) and are closely linked to RL-PE processing
(23). Thus, the present findings suggest that the cerebellum influences the ACC, and that cerebellar GMV

reduction ultimately affects reinforcement learning.
Limitations

The present study was designed to characterize the cerebellum’s role in reinforcement learning and coding
of RL-PEs by investigating patients with different ataxia disorders characterized by progressive cerebellar
degeneration. Including patients with etiologically different diseases might have led to increased
(unexplained) variance in our results that was particularly problematic for the VBM. However, we used a
homogeneity analysis to exclude participants with extreme cerebellar GMV reduction to cope with strong
variance differences. Also, the discrepancy between the group effect in the FRN for the MLM and the
negative correlation in the VBM could have been the result of the aggregated data points for the FRN in the
GLM. While MLMs model each individual trial for each participant, the GLM models only the aggregated
values of the FRN for each participant. Hence, individual variability is lost with the GLM. In addition, we
did not see the expected differences in the CCAS between patients and controls (see Table 2). However,
recent research has questioned the interpretation of the CCAS to identify cognitive alterations in patients
with cerebellar diseases (88). On the one hand, based on the CCAS findings, general cognitive performance
in the present sample appears to have been similar for patients and controls, possibly explaining the lack of
group differences in accuracy in the feedback learning task. On the other hand, the task may not have been
sensitive enough to find accuracy differences. General learning performance in the present study was
comparable to previous studies (e.g., accuracy in the acquisition stage ranged between 50 % and 80 % in
Thoma et al. (9), and Rustemeier et al. (10)). Of note, we did not include reversal learning which was shown
to be altered in patients with cerebellar lesions (9). Thus, our task design unfortunately does not allow for

insights in this direction beyond the behavioral findings on choice switching.

Conclusion

In conclusion, the present results revealed altered RL-PE processing in probabilistic feedback-based
learning in patients with pure cerebellar degeneration. Integrating findings on the feedback-locked ERP
components FRN, P3a, and P3b, we find consistent results showing absence of PE coding in patients.

Whole-brain and cerebellar VBM results showed global cerebellar degeneration in patients compared to
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controls, and multiple regression revealed that reduced GMYV in bilateral Crus I/ Il was associated with a
blunting of the FRN. The present results did not provide evidence for differential involvement of the
cerebellum in reinforcement learning as a function of feedback timing. Nevertheless, the present results
underline the cerebellum’s role in reinforcement learning, and here specifically in coding of PEs. More
research is needed to fully elucidate the mechanisms of cerebellar contributions to PE processing as well as
contextual factors that may modulate these processes using task-based fMRI, particularly to disentangle the

(cerebro-cerebellar) networks underlying reinforcement learning in healthy and diseased cerebellum.
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