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Preface 

Constantly, our environment provides us with complex sensory input of different modalities, 

but not all input is externally-generated. Large amounts of perceived sensations are produced 

by our own behavior. However, how are we able to distinguish between externally-generated 

sensations and those sensations that are self-produced? And why is it so important that we are 

able to make this distinction? 

The need to distinguish between sensations that are self-produced and those that are 

externally-generated may be illustrated in the following example: Experiencing auditory 

hallucinations is a common symptom in schizophrenic patients. It has been proposed that 

these patients suffer from self-monitoring deficits (Feinberg, 1978), which indicates that they 

are unable to distinguish between self-initiated sensations and sensations that are externally 

elicited. Thus, they may perceive an internally produced sentence or thought as originating 

from external sources (Ford et al., 2008). In need of an explanation, schizophrenic patients 

attribute the experienced sensation to something or somebody else; although it originates 

from their own behavior. This may cause the complex symptom of hallucinations. The 

fundamental difference between externally- and self-produced events is that self-produced 

sensations, which may be sensations or even thoughts of any kind, are highly predictable.  

A theoretical approach which explains this phenomenon – the forward model – has been 

provided by Wolpert et al. (2003). By applying a forward model, predictions of the 

consequences of self-produced sensations are generated on the basis of an efference copy 

(von Holst & Mittelstädt, 1950). They are sent to the respective cortical areas in order to 

prepare them for actual incoming sensations. As these areas are already prepared to receive 

input, less brain activity is necessary to process the input. This saves resources for externally 

provided information that may be new and more relevant. Consequently, brain processing 

becomes more efficient – a fundamental principle.  

Over the past decades this phenomenon has been studied extensively. In auditory processing 

a paradigm has been established in which self-produced sounds are compared to identical 

externally-generated sounds (Schäfer & Marcus, 1973). The results of this 

electroencephalography (EEG)-study revealed a N100-suppression effect in response to self-

initiated sounds compared to externally-produced sounds. This difference provides indirect 

evidence for the generation of a prediction. However, little is known about forward 
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predictions: Are they specific? Do they depend on sound complexity? Are they selectively 

generated? And above all, where are they generated?  

The goal of this thesis is to provide a more comprehensive picture of auditory predictions 

generated via an internal forward model. In order to accomplish this aim, several features of 

forward predictions as well as the potential anatomical generator are investigated.  

Chapter 1 introduces general concepts and assumptions on predictive processing. It provides 

a historical overview of the research devoted to the distinction between the self and the other. 

This establishes the background for the description of key concepts such as the efference copy 

and the corollary discharge mechanisms, which are implemented in internal models. Here, 

the main focus is set on the forward model. As the theoretical framework builds up, the 

question arises which brain correlate supports a forward model. The cerebellum is shown to 

be a central structure in generating predictions via a forward model. Cerebellar predictive 

processing per se as well as different types of cerebellar predictions are discussed and 

outlined. In the following, Chapter 2 presents the possibilities of empirically investigating 

several features and the potential generator of forward predictions and provides a detailed 

explanation of the experimental settings as well as the electrophysiological measurements 

used to investigate these features. 

Chapter 3 presents four studies1, which were designed to empirically investigate features of 

auditory forward predictions as well as their generator. Each study addresses one central 

question: The first study (Knolle et al., in review) investigated whether auditory forward 

predictions hold specific information on features of a predicted auditory event. The results 

confirm that this is indeed the case. A prediction holds a specific representation of the 

sensation including different features (e.g., frequency, onset, intensity). The findings suggest 

that if a single feature is violated, which creates a prediction error, the outcome of the 

prediction is modulated. The second study (Knolle et al., in prep. a), using the same paradigm 

as the first study, addressed the following question: Can auditory forward predictions be 

applied to complex auditory stimuli such as speech sounds? The results reveal that forward 

predictions are generated independently of sound complexity, as the expected effects of 

prediction are also shown in response to self-produced natural complex speech sounds. Since 

generating forward predictions is a fundamental process, the third study (Knolle et al., 2012) 

                                                           
1 One study has been published, one is in revision, one is in review and one is in preparation.  
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investigated, what structure contributes to generating auditory forward predictions. Based on 

the literature, it is speculated that the cerebellum contributes to predictive processing. 

Comparing cerebellar patients to a healthy control group, the results of the third study 

confirm that the cerebellum is involved in generating auditory forward predictions. 

Replicating and extending the latter findings, the final study (Knolle et al., in revision) asked 

if cerebellar predictions are selectively generated only in response to self-initiated sounds by 

applying a forward model. The findings suggest that cerebellar predictions are produced 

selectively only in response to self-initiated sounds. This confirms the notion that the 

cerebellum generates auditory predictions by applying a forward model. 

The last Chapter discusses the results of all studies. It shows their continuity and how they 

complement each other to provide deeper insight into predictive processing in response to 

self-generated stimuli. Furthermore, it refers to another subcortical structure, namely the 

basal ganglia, as potentially contributing to generating auditory forward predictions. As this 

does not seem to be the case, cerebellar forward predictions are discussed in sensorimotor, 

sensory, and cognitive processing. In order to illustrate that cerebellar predictive processing is 

a fundamental principle, which can also be applied to higher-order auditory processing, such 

as speech and language processing, a functional dynamic model of comprehension is 

introduced. In the course of the chapter, the functional model is compared with an anatomical 

model of speech processing proposed by Kotz and Schwartze (2010). Finally, open questions 

and possible clinical implications of cerebellar forward predictions are presented in an 

outlook. 





1  

Introduction: Cerebellar contributions to predictive 

processing 

Plan ahead, think ahead – know today what you will do tomorrow. Our lives, today most 

likely more than in the past, are about efficiency, and so is the brain. It relies on economic 

strategies to process incoming sensory information, to generate motor commands, to retrieve 

word information or to formulate sentences. Predictions are fundamental to these different 

types of sensory, motor or cognitive processes and it has even been stated that “anticipation is 

at the core of cognition” (Pezzulo et al., 2007, p. 68). However, are predictions really 

essential in these processes, and if so, what are the benefits of generating predictions?  

We can expect that at the behavioral level any actively moving creature must be able to 

generate predictions in order to survive in a dynamic and ever-changing environment (Llinas, 

2002). For example, estimating the speed of an approaching car enables a person to predict 

whether or not one will reach the other side of the street. In many ways, generating 

predictions facilitates a dynamic interaction with the environment, as it shortens perception 

times, increases behavioral accuracy, and enhances the maintenance of information 

processing (LaBerge, 1995), as well as it speeds up the recognition and interpretation of 

information (Bar, 2007). Furthermore, generating predictions allows choosing an appropriate 

action relevant for a movement (Llinas, 2002), and saves resources as less activity is required 
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to process incoming sensations (Chen et al., 2011). The ability to generate predictions allows 

an active engagement with the environment, rather than a mere reaction to it. This makes the 

formation of predictions crucial in a number of domains, including motor and cognitive 

functions (Bubic et al., 2010). Predictive processing may be one of the “universal principles 

that can explain the majority of its [the brain’s] operation” (Bar, 2009, p. 1181), which can be 

understood as a “bias signal” (Rees & Frith, 1998) that facilitates processing in a particular 

brain region.  

However, more efficient processing does not imply that the predicted information is of 

greater relevance to the system: While correctly predicted stimuli are processed faster and 

more efficiently, they also provide less information than new or unexpected, possibly 

mismatching, stimuli (Friston & Stephan, 2007). Hence, expected stimuli are non-salient 

responses that require less cortical resources. Consequently, their overall processing is 

suppressed; in other words, less effort is required. In contrast, prediction errors carry more 

information as the brain has to minimize their effect in order to maintain present and future 

stability (Friston & Stephan, 2007). In general, prediction errors are understood as a rich 

source of learning (den Ouden et al., 2009). The discrepancies created between a prediction 

and an actual incoming event can be translated into synaptic weights requiring a readjustment 

of the system generating the prediction (Wolpert et al., 2003). This rearrangement makes any 

subsequent prediction and its generation system more accurate. Wolpert et al. (1998) 

described the phenomenon of predicting sensory consequences of an action in a sensorimotor 

forward model. The authors suggest that an efference copy (von Holst & Mittelstädt, 1950) of 

a motor command is generated and implemented into a forward model. On the basis of the 

efference copy a prediction is generated, which mimics the sensory consequences of an action 

and prepares the musculoskeletal system to successfully execute a movement.  

The literature proposes many phenomena associated with the formation of predictions. On the 

one hand, predictions are linked to changes of the neuronal threshold in sensory cortices 

(Gomez et al., 2004), or long-range phase synchronization (Gross et al., 2006). On the other 

hand, predictions are reflected in changes in the functional connectivity across brain regions, 

which show an enhancement between two communicating areas involved in predictive 

processing (O’Reilly et al., 2008); lastly, predictions are linked to the existence of 

preparatory-set cells in the prefrontal or parietal cortex as the neurons engage in a discharge 

when they receive predictive information (Quintana & Fuster, 1992). Furthermore, a large 
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number of brain regions are associated with predictions: primary sensory cortices, lateral and 

medial parietal and temporal areas, orbitofrontal, medial frontal and dorsolateral prefrontal 

cortex, premotor cortex, insula, cerebellum, basal ganglia, amygdala and thalamus (see Bar, 

2011, Bubic et al., 2011, Ghajar & Ivry, 2009 for reviews). In other words, it appears as if the 

whole brain is a predictive structure. Thus, it is not surprising that predictions play a 

significant role across various domains, such as language (Jakuszeit et al., in review; Kotz et 

al., 2009; van Petten & Luka, 2012), audition (Bendixen et al., 2012; Knolle et al., 2012), 

timing (Schwartze et al., 2011a; Schwartze et al., 2012), motor functions (Blakemore & 

Sirigu, 2003; Wolpert et al., 1995), as well as emotion (Barrett & Bar, 2009; Gilbert & 

Wilson, 2009; Jessen et al., 2012), music (Keller & Koch, 2008), social interaction (Mitchell, 

2009), and vision (Gentsch et al., 2012; Kveraga et al., 2007; Summerfield & Egner, 2009).  

In this context, the current thesis concentrates on one particular form of prediction: the 

auditory forward prediction generated by a forward model that compares self-produced, 

predictable auditory stimuli with externally-generated, unpredictable auditory stimuli. 

However, what are the implications of how self-initiated sensations are generated, perceived, 

and processed? An auditory forward prediction describes a basic auditory process that is 

executed rapidly and automatically. Nevertheless, generating forward predictions is a general 

principle that is applied in a very similar fashion across different domains. As self-initiated 

sensations are highly predictable, they can be distinguished from externally-produced 

sensations. This distinction provides a processing advantage, as self-initiated stimuli are 

processed faster, more efficiently and accurately. Therefore, more brain resources can be 

directed to externally-produced sensations, which may be new, possibly unknown and 

unexpected, and may, therefore, be behaviorally more relevant. Yet, how specific are forward 

predictions? Do they hold specific information of the stimulus that is predicted? If so, does 

this lead to the detection and adjustment of a prediction if the smallest deviation of an 

expected stimulus quality occurs? Hence, understanding the specificity of a prediction would 

show that the brain is constantly updating and improving information processing at all levels. 

However, can these basic processes, such as predicting self-initiated sounds, be applied to 

more complex processes, such as the prediction speech sounds? If so, would this indicate that 

even though this thesis focuses on a very basic process, the forward model applies to various 

levels of complexity in information processing?  
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Addressing these questions allows relating highly complex phenomena, such as speech 

processing, to very basic, but fundamental processes, such as forming forward predictions, 

possibly explaining a general process of the brain, which may be relevant for processes 

across different domains and complexities. However, to understand the contribution of 

forward predictions to neural processing, it is necessary to understand how and where they 

are generated. As mentioned earlier, many brain regions are considered to be involved in 

prediction formation. Yet, there is some consensus that one particular structure plays a major 

role, namely, the cerebellum. If the cerebellum is the critical brain area applying predictive 

processing via a forward model, it should generate predictions selectively in response to self-

initiated sensations by using information of agency, and not by using other features, such as 

temporal information. 

These questions will be addressed in detail in Chapters 2 and 3. Before elaborating on these 

specific questions, some of the basic assumptions, concepts and principles, relevant for 

understanding how and where predictions are generated, are presented and discussed in this 

chapter. At first, it is necessary to formulate a working definition of prediction: The literature 

proposes many different definitions when referring to the prediction of an upcoming event. 

Anticipation and preparation are used as well as expectation (Bubic et al., 2010), prospection 

(Gilbert & Wilson, 2007; Schacter et al., 2007; Schütz-Bosbach & Prinz, 2007) or simply 

prediction (Butz et al., 2003). In the current thesis, the term prediction is used to describe the 

representation of an event or a stimulus that is expected within a particular context. Relatedly, 

the term predictive processing refers to the process of generating such predictions. 

Furthermore, the term expectation is used in order to refer to the outcome of a prediction.  

 

1.1 Predictions: How do they apply to a forward model?  

1.1.1 Historical prerequisites: The distinction of self and other  

The distinction between perceptual events generated by ourselves and those resulting from 

external events has been of great interest to various scientific areas. It addresses the question 

how representations of the world and the self shape the perception and interaction with the 

environment. Based on Plato’s view that the real world can only be understood as an idea 

based on a representation of what is perceived (Plato, cited after Kurz & Schleiermacher 
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(eds.), 1990), first mental models were formulated. Descartes used the same notion to 

describe his mind-body dualism, stating that the world is composed of two kinds of 

substances, the mental and the physical substance (Descartes, cited after Cottingham (ed.), 

1985), which relate to the self and the other. This view was very influential throughout the 

17th and 18th century. However, only at the beginning of the 19th century first scientific 

investigations were undertaken to test these concepts.  

Steinbuch (1811) developed the hypothesis that tactile recognition of objects was only 

possible when an object was actively grasped, but not when it was accidentally touched. He 

stated that cerebral signals (Bewegidee) produced to control hand movements interact with an 

afferent signal flow generated in the mechanoceptors of the grasping hand (Steinbuch, 1811). 

Purkyne (1825), who concentrated on movement and visual perception, postulated the idea of 

a quantitative interaction between the Bewegidee and afferent visual signals to adequately 

perceive visual movement. Interestingly, Mach (1885) proposed that the consequences 

(reafference) of the Bewegidee (efference copy), which induces voluntary eye movement, is 

sent back to the central nervous system (CNS) suppressing visual movement and recalibrating 

the spatial values of the retina by creating a feedback signal. In the following years, the ideas 

proposed by Steinbuch, Purkyne, and Mach were extended, reformulated, and investigated by 

several researchers (von Uexküll, 1920; Toennies, 1949; see Grüsser, 1995 for a detailed 

scientific overview on the history of the reafference principle and the corollary discharge 

mechanism).  

 

1.1.2 The efference copy and the corollary discharge mechanism  

More than one century after the first experiments on internal representations of sensory 

events, von Holst and Mittelstädt (1950) published a seminal paper, in which they proposed a 

distinction based on the origin of sensory input: Does it originate from the self or the other? 

They suggested that in order to survive in the environment, it is necessary to differentiate 

reafference input (i.e., afferent activity resulting from self-generated movement) from 

exafference input (i.e., afferent activity based on external stimulation; von Holst & 

Mittelstädt, 1950). A classic example is that a stable environment is perceived when the eyes 

move, a phenomenon already described by Descartes. More specifically, von Holst and 

Mittelstädt (1950) suggested that efferent motor commands are mimicked, based on an 
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efference copy signal, within the CNS, which are transmitted via the sensory pathways: 

During the production of a motor command, which is sent to motor areas to execute a 

movement, an efference copy of the motor command is simultaneously transmitted to the 

respective sensory areas. Receiving an efference copy allows preparing for the sensory 

consequences of the movement (von Holst & Mittelstädt, 1950). However, the term efference 

copy is rather specific, implying that an actual copy of a motor command (the efference) is 

transmitted to the muscle(s). Thus, it describes a specific relationship between sensory and 

motor processes. 

 

Figure 1 The efference copy and the corollary discharge in a combined schema. 
This schema displays the efference copy as well as the discharge mechanism in a combined 
view during motor-to-sensory processing according to Sperry (1950) and von Holst and 
Mittelstädt (1950). The sensory (green) and the motor pathways (red) represent different 
processing stages. The motor system transmits an exact copy of a motor command, the 
efference copy, to the sensory pathway (light blue arrow). The corollary discharges, however, 
can arise (dark blue arrows) at different levels of the motor pathway and target different 
processing stages within the sensory pathway. Here the motor-to-sensory signal is not 
confined to exact copies. Adapted from Crapse and Sommer (2008).  
 

At the same time, but independently, Sperry (1950) presented a similar hypothesis, even 

using similar examples, stating that a corollary discharge is required to compensate for the 

sensory consequences of movements that would, for example, result in retinal displacement. 

Such a theory implies that the brain generates adjustments of sensory states that correct for 

the sensory consequences of movements (e.g., displacement due to change in direction or 

speed). In the visual domain, such adjustment would maintain “stability of the visual field 
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under normal conditions during the onset of sudden eye, head, and body movement” (Sperry, 

1950; p. 488). However, Sperry (1950) used the term corollary discharge to describe an 

interaction between motor and sensory areas that can arise at various levels of the motor 

pathway and can target different processing stages in the sensory pathway. Consequently, 

such a system is not dependent on an exact copy of the motor command and can, therefore, 

be applied to a wider range of processes (see Figure 1).  

Still, the efference copy and the corollary discharge describe very similar principles that 

allow a general understanding of how we distinguish between sensations resulting from our 

own actions and sensations generated by external events. Even though neither Sperry (1950) 

nor von Holst and Mittelstädt (1950) elaborated on how these two principles should be 

implemented in an internal forward model, they have been used interchangeably in the 

literature (Feinberg, 1978; Perrone & Krauzlis, 2008; Wurtz et al., 2011). However, other 

researchers (Crapse & Sommer, 2008; Ford et al., 2007b; Ford & Mathalon, 2012; Miall & 

Wolpert, 1996) distinguish between them, describing different sub-processes of the forward 

model. In agreement with these other researchers, the current thesis understands the efference 

copy as an exact copy of a command that is implemented in a forward model that generates a 

prediction; whereas corollary discharge is referred to as the predicted sensory consequence 

that is compared to the reafference input (see Figure 1). 

 

1.1.3 Internal models: Forward and inverse  

The concept of an internal model was developed within motor control theories (Kawato et al., 

1987; Miall & Wolpert, 1996; Karniel, 2011) to explain how a motor command operates on 

the musculoskeletal system and impacts on different aspects of sensorimotor processing 

(Wolpert et al., 2003). Consider the following example (see Figure 2 for theoretical display): 

You climb up some stairs, a movement you have done a thousand times before. Hence, this 

motion is highly automatic: You know exactly how high you have to lift your foot to step 

upon the next step (forward model: motor command = > efference copy = > prediction = > 

match between predicted and actual consequences). Suddenly, you realize that there is one 

step with a slightly different height, thus, a minimal adjustment of the lifting of your foot is 

necessary to put your foot up on this step (inverse model: adjustment and selection of the 

motor command). Now imagine that the next time, you walk up these stairs you are on the 
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phone with a friend, concentrating on the conversation (external influence onto your motor 

system); suddenly, you step into a void and you lose your balance. As you find yourself on 

the floor, you realize that you have missed the step that was inconsistent (motor command = 

> efference copy = > prediction = > mismatch between predicted and actual consequences). 

This example illustrates how internal models address different aspects of motor processing: 

on the one hand, it shows how an appropriate motor command is selected in order to achieve 

a desired motor outcome (i.e., inverse model); on the other hand, it demonstrates how sensory 

consequences of motor commands are predicted in order to successfully execute a movement 

(i.e., forward model; Miall & Wolpert, 1996).  

In the current thesis, the focus lies on the forward model rather than the inverse model. The 

forward model has been described extensively (e.g., Blakemore et al., 2000; Karniel, 2011; 

Kawato et al., 1987; Miall & Wolpert, 1996; Wolpert & Ghaharmani, 2000). It has been 

suggested that forward models consider information concerning the external world and 

features of the motor system in order to determine a causal relationship between actions and 

their effects (Wolpert et al., 1995, Jordan & Rumelhart, 1992). A motor command is 

generated, which is sent to the motor system in order to execute a movement. At the same 

time an efference copy (von Holst & Mittelstädt, 1950) of this motor command is 

implemented in a forward model. Considering the current state of the system (Miall & 

Wolpert, 1996), the forward model generates a prediction of the sensory consequences 

(corollary discharge; Sperry, 1950) of an ongoing movement. This prediction is then 

compared with the actual sensory consequences, or the reafference (von Holst & Mittelstädt, 

1950) induced by the movement. Using the efference copy of the motor command, these self-

produced sensations can be predicted correctly. This leads to a smaller discrepancy between 

the predicted and actual sensory consequences. In other words, if we tickle ourselves with the 

right hand, the sensory consequences of the tickling movement of our fingers are predicted 

and then compared to the actual incoming tickling sensation. Hence, successful predictions 

are used to suppress brain activity directed to process the reafferent sensations (Chen et al., 

2011; Creutzfeldt et al., 1989). In contrast, processing externally-generated sensations (i.e., a 

sensation that is passively perceived, unpredictable, and provided by the environment) does 

not rely on generating an efference copy. Therefore, the sensory consequences of externally-

produced sensations cannot be predicted (Blakemore et al., 2000). Hence, as this system 

cancels out the sensory consequences of one’s own actions, we are able to distinguish them 
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from sensations caused by the environment. In other words, the forward model allows a 

distinction between self- and externally-generated sensations, and, in a more general sense, 

between predictable and unpredictable events.  

 

 
 
Figure 2 Schematic display of the forward and the inverse model.  
An appropriate motor command is generated, which takes the desired outcome into account 
(inverse model, green arrow) and sends it to the motor system (blue arrow). Based on the 
motor command, an efference copy is generated. This is transmitted to a forward model (red 
arrow), which considers the current state of the system. Using the efference copy of the motor 
command, the forward model predicts the sensory consequences (corollary discharge) of the 
action. As the sensory system receives the actual sensory consequences (reafference) of the 
action, they are compared to the predicted sensation. If a match occurs, the same procedure 
is applied for the subsequent movement. However, in case of a mismatch, the desired state is 
modulated, adjusting the information sent to the inverse model in order to select the 
appropriate motor command for the subsequent movement. Adapted from Miall et al. (1993) 
and Miall and Wolpert (1996).  
 

In numerous experiments across different domains, including somatosensory (e.g., 

Blakemore et al., 2000; Hesse et al., 2010), auditory (e.g., Baess et al., 2008; Ford et al., 

2007b; Knolle et al., 2012; Martikainen et al., 2005; Schäfer & Marcus, 1973) and visual 

domain (e.g., Gentsch et al., 2012; Schäfer & Marcus, 1973), the notion of a forward model 
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has been tested. In a functional magnetic resonance imaging (fMRI)-study, Blakemore et al. 

(1999a) compared the neural responses elicited by a tactile stimulus which was either self- or 

externally-produced. They reported an activation increase in the somatosensory cortex in 

response to externally-generated stimuli compared to an activation decrease in response to 

self-initiated stimuli. The result indicated that self-induced tactile stimuli are accurately 

predicted leading to an attenuation of the processing activity relative to externally-generated 

tactile stimuli (Blakemore et al., 1999a). Similarly, Schäfer and Marcus (1973) compared 

self-initiated auditory and visual stimuli with externally-generated auditory and visual 

stimuli, respectively, in an electrophysiological experiment (i.e., EEG). Subjects perceived a 

visual or auditory stimulus that was either triggered via a button press or machine-delivered. 

Schäfer and Marcus (1973) reported an N100-suppression effect in response to self-initiated 

compared to externally-produced auditory and visual stimuli. Comparable to the 

somatosensory results, these findings confirmed the successful generation of an auditory 

prediction via a forward model when a sound was self-produced.  

In the auditory domain, prediction formation has also been tested in the context of uncertainty 

of stimulus features; that is, looking at the increasing discrepancy between a predicted and an 

actual incoming sensation. Some of these studies reported a modulation of the N100 

amplitude (i.e., reduced suppression effect) when comparing self-initiated stimuli that 

violated the prediction to self-initiated stimuli confirming a prediction (Baess et al., 2008; 

Behroozmand et al., 2011). Others reported results that showed enhanced amplitudes in 

event-related potential (ERP) components sensitive to deviance, such as the N2 and the P3a, 

as well as behavioral delays in response to self-initiated stimuli that violated a prediction 

(Knolle et al., in review, in prep. a; Iwanaga & Nittono, 2010; Waszak & Herwig, 2007). 

These results indicate that the forward model works very accurately and specifically, as it 

does not only distinguish between self- and externally-produced sensations, but also detects 

small discrepancies between the predicted and the actual sensory consequence of an action. 

Generally speaking, it has been shown that forward models apply predictive processing (Bays 

et al., 2006). Thus, they can be used to evaluate a current state and predict a future state of the 

system (Miall & Wolpert, 1996). Furthermore, it has been suggested that predictions are used 

for a general context estimation (Wolpert & Flanagan, 2001), meaning that the formation of 

predictions is fundamental for an accurate and appropriate behavior functioning under 

various environmental conditions. 
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1.2 Which brain area generates forward predictions? 

It is common knowledge that we cannot tickle ourselves (Weiskrantz et al., 1971). It has been 

suggested that the tickling sensation is suppressed as the sensory consequences of our own 

action are predicted precisely based on an efference copy. Along the same lines, Blakemore 

et al. (1998, 1999a) set up two fMRI studies comparing self-produced and externally-

produced tactile stimuli. They found stronger activation in the somatosensory cortex when a 

tactile stimulus was externally-produced. Interestingly, the cerebellum revealed less activity 

in response to self-initiated tactile stimuli. Consequently, Blakemore et al. (1998, 1999a) 

hypothesized that the cerebellum modulates the activity observed in the somatosensory 

cortex. They proposed that when the actual sensory consequences of a movement match the 

predicted consequences, the activation in the cerebellum decreased, and the somatosensory 

cortex is not activated. Hence, it was proposed that the cerebellum implements a forward 

model when predicting sensory consequences of movements (Wolpert et al., 1998). This 

interpretation is in line with several computational (Ito, 1970, Miall et al., 1993) and 

neurophysiological studies (Andersson & Armstrong, 1987; Ito, 1984; Simpson et al., 1996) 

and is now commonly accepted as a theory of motor control (see Bastian, 2006, Blakemore & 

Sirigu, 2003, Massaquoi, 2012 for reviews).  

However, three features of the cerebellum challenge the restriction of predictive processing to 

motor-induced somatosensory changes: First, the cerebellum is involved in a number of 

functions including motor, sensory as well as cognitive functions (see Baillieux et al., 2008, 

Glickstein & Doron, 2008, Strick et al., 2009 for reviews). Second, the cerebellum receives 

input from all cortical sites via the pontine nuclei and in turn transmits information via the 

thalamus to all cortical sites (Doya, 1999; Koziol & Budding, 2009; Ramnani, 2006). Finally, 

the cerebellum has an invariant cellular organization across the entire cortex (Ito, 1984; 

Llinas & Walton, 1998; see Schmahmann & Pandya, 1997 for a review): It has a remarkably 

regular cellular structure in its cortex, which consist of three layers of highly organized cells 

and fibers (Apps & Garwicz, 2005). These neurons transmit information to the deep 

cerebellar nuclei, which also form the output structure of the cerebellum to different cortical 

brain sites. The Purkinje cells are the main processing unit of the cerebellar cortex, which 

integrate information from the pontine nuclei and the inferior olive (Ito, 1984). This structural 

invariance suggests uniformity in information processing (Ramnani, 2006).  
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Taken together, it can be assumed that the cerebellum performs the identical operation on 

different neuronal input from the cortex regardless of its specific source (Ito, 1993; Koziol et 

al., 2012). Thus, it has been proposed that the cerebellum predicts internal consequences 

needed for specific motor, sensory as well as cognitive operations, and prepares the 

respective cortical areas to receive an actual, incoming sensation (Courchesne & Allen, 

1997). In other words, prediction formation in the cerebellum is neither limited to sensory, 

nor to motor processing, but it is rather general in nature. By transmitting a prediction to the 

corresponding cortical sites involved in sensory, motor, or cognitive processing, the cortical 

sites are prepared to receive the actual inputs. This predictive function facilitates sensory 

processing as well as cognitive and motor performances in response to subsequent events 

(Coenen & Sejnowski, 1996).  

Moreover, Ramnani (2006) and Ito (2008) suggested that the cerebellar forward model is 

applicable to mental processes as there are strong interactions between the prefrontal cortex 

and the cerebellum. They proposed that the execution of a forward model in cortico-

cerebello-cortical circuitry is a general principle, which is not restricted to the motor domain 

(Ito, 1993, 2008; Ramnani, 2006). More specifically and on the highest cognitive level, Ito 

(2008) suggested that during cognitive processes such as problem solving or mental 

calculations, a mental model is established in the prefrontal cortex, which is transmitted as an 

internal representation to the cerebellar forward model. The forward model implemented in 

the cerebellum mimics the cortical process. A manipulation of the forward model would not 

be recognized, as processes in the cerebellum evolve unconsciously. However, we are aware 

of the act of thinking as it is controlled by the cortex. Nevertheless, it is once again necessary 

to point out that the cerebellum is not an intelligent structure able to extract rules or compute 

higher order processing. However, it may rather apply similar processing strategies to 

different facets of inputs. Based on the literature (Courchesne & Allen, 1997; Ghajar & Ivry, 

2009; Ito, 2008; Miall et al., 1993; Ramnani, 2006), one can speculate that the cerebellum 

functions as a predictor applying predictive processing. 

 

1.2.1 How does the cerebellum generate predictions? 

If the cerebellum contributes to predictive processing relevant for motor, sensory and 

cognitive behavior, this function should be mirrored in anatomical connections between 
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different cortical regions and the cerebellum. Several reviews provide evidence that the 

cerebellum shows strong interconnections to motor and premotor cortices but also to 

prefrontal and parietal cortices (Schmahmann & Pandya, 1997; Middelton & Strick, 2000; 

Ramnani, 2006; Strick et al., 2009). Thus, it has been proposed that information is 

transmitted to the cerebellum via cortico-ponto-cerebellar projections. From the cerebellar 

cortex, these inputs are passed to the deep cerebellar nuclei. However, both, the cerebellar 

cortex and the deep cerebellar nuclei, process the incoming information (Apps & Garwicz, 

2005; Courchesne & Allen, 1997). The deep cerebellar nuclei send output projections via the 

red nucleus to the thalamus, which transmits the information back to the respective cortical 

area (Koziol & Budding, 2009, 2012; see Figure 3A; Figure 3B displays the part of the 

cortico-cerebello-cortical network investigated in this thesis).  

Before discussing the progression of predictive processing within the cerebellum, it is once 

again necessary to point out that the cerebellum performs the same operations on information 

regardless of their source. Ito (1993) proposed that for the cerebellum movement and thought 

are identical; the control and manipulation of thought content in problem solving is not 

different from the control and manipulation of body limbs during movement. In other words, 

once a movement, perception, or thought is coded and transmitted into the cerebellar 

circuitry, this input is processed in a similar fashion (Koziol et al., 2012). Hence, the cortex 

always provides the information (i.e., internal representation) that is used by the cerebellum 

to generate a prediction. The internal representation can be based on an efference copy of a 

motor command as well as on a complex rule, which is, for example generated during 

language processing.  

When elucidating established internal representations, the role of the basal ganglia, more 

specifically the cortico-striato-thalamo-cortical circuitry, has to be considered. It seems that 

cortico-striatial loops engage in the control of sequential or serial-order learning of behavior 

and thought, in which the basal ganglia establish a relationship between units of information 

(Graybiel, 1998) relevant for extracting a rule. Furthermore, the basal ganglia are able to 

inhibit a behavior or strategy which is no longer desirable. This is possible as the prefrontal 

cortex signals a change in sensory input, or a change in internal states (i.e., motivations, 

desires; Doya, 1999) necessary to select the appropriate information that needs to be 

transmitted to the cerebellum. 
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Figure 3 Predictive processing in the cerebellum.  
The assumptions about the functional role of the cerebellum in predictive processing, as, 
presented in Chapter 1.2.1, can be summarized as follows: A) The cerebellum receives 
information via the pontine nuclei (black arrow) from all cortical regions (green and violet 
arrows). It applies a forward model to all inputs independently of their source and feeds the 
output – the prediction – back via the thalamus (black arrow) to the respective cortical areas. 
The inferior olive modulates the processing within the cerebellum (grey arrow). The cortico-
striatal loop is necessary to establish rules and select the appropriate information 
transmitted to the cerebellum via the pontine nuclei (blue and red arrows). B) The close-up 
displays the cortico-cerebello-cortical circuit investigated in the experimental part of the 
present thesis: An efference copy of a command (green arrow) is sent to the cerebellum via 
the pontine nuclei (black arrow), which is used to generate a prediction. The prediction (i.e., 
an estimation of the sensory consequences) is transmitted via the thalamus (black arrow) and 
used to prepare the sensory cortex for the reafferent input (green arrow).  
 

Within the cerebellar cortex, the fundamental processing units are the Purkinje cells, which 

integrate information from the pontine nuclei as well as from the inferior olive (Ito, 1984, 

2002; Ramnani, 2006). It has been suggested that the cerebellar cortex together with the deep 

cerebellar nuclei accomplish predictive processing that is "under the regulatory control of the 

inferior olive" (Coenen & Sejnowski, 1996, p. 208). As the inferior olive also receives 

projections from the cerebral cortex via the red nucleus (Blumenfeld, 2002), it has been 

postulated that these climbing fibers transmit cortical information to specific areas in the 
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cerebellum modulating an ongoing process (Ausim-Azizi, 2007). Thus, the olivo-cerebellar 

circuit is hypothesized to play a fundamental role as the climbing fibers of the inferior olive 

convey a prediction error signal when a desired output is not achieved. Hence, the cerebellum 

seems to contribute to encoding prediction errors (Schlerf et al., 2012). This prediction error 

signal changes the activation rate of the Purkinje cells and the parallel fibers, which is used to 

update the predictive processing in the cerebellum on subsequent events (Coenen & 

Sejnowski, 1996).  

Differentiating the roles of the cerebellar cortex and the deep cerebellar nuclei, Courchesne 

and Allen (1997) proposed that the latter encode rapid, short-term predictions that enable the 

conduction of a movement or a thought with minimal time delay. These predictions are either 

based on already established forward models (e.g., based on an efference copy) or on 

unspecific forward models, which are constantly updated as more specific forward models 

are generated by the cerebellar cortex (Courchesne & Allen, 1997). As the cerebellar cortex 

receives rich contextual information provided by cortical areas via the inferior olive, it can 

inhibit these short-term predictions and update them with specific, long-term, and higher-

quality predictions based on a specific forward model (Courchesne & Allen, 1997). In the 

same line of thought, Wolpert et al. (2003) stated in their hierarchical MOSAIC-model that 

before a forward model generates complex predictions, it initially requires unspecific, fast 

predictive processing. This notion relates nicely to the interaction between the cerebellar 

cortex and the deep cerebellar nuclei, in which rapid but unspecific internal models are 

updated by more specific, long-term forward models in order to form complex predictions. 

  

1.2.2 What types of predictions are generated by the cerebellum? 

Although the progression of predictive processing is independent of the cortical area that 

transmits information to the cerebellum, a differentiation has been proposed within the 

cerebellum (Courchesne & Allen, 1997). This thesis proposes a classification of three types 

of predictions based on the quality of the cortical input into the cerebellum (see Figure 4). 

Consider the following example: You sit at your desk in front of your laptop, writing an 

email, when you hear a noise in the hallway. As this noise attracts your attention, you move 

your head towards the door of your room. While you execute the head movement, which does 

not proceed along a perfectly straight line, you perceive a stable image of the room around 
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you. As your gaze reaches the door, which takes only a fraction of a second, your friend 

enters the room. This head movement is highly automatic. However, why is it that you 

perceive a stable image of our environment while you move? This situation provides a good 

example for a standard motor-to-sensory forward model using an efference copy to generate a 

prediction (Wolpert & Flanagan, 2001; see 1.1.3). As the prefrontal cortex requests a head 

movement considering the current state of your body, a motor command is generated that 

instructs the musculo-skeletal system to execute a movement. At the same time, an efference 

copy of the motor command is transmitted to the cerebellum, which generates a prediction 

concerning the consequences of the movement taking spatio-temporal information into 

account. The successfully generated prediction prepares the sensory cortex to receive an 

actual sensation. The type of prediction just described is agency-driven as it is based on the 

self-initiation of a movement. Thus, the information, which is required to form the prediction, 

is intrinsically derived as an internal representation of the command is already implemented 

in the organism.  

In a review paper, Ford and Mathalon (2012) labeled this type of prediction innate prediction 

as the representation is provided by the system itself. However, this term is problematic as an 

internal representation has to be established at a certain stage during development. We are not 

born with these internal representations; thus, they are not innate (cf. Papousek & Papousek, 

1974). However, when internal representations are established, they can be intentionally 

activated, and automatically and rapidly transmitted to the cerebellum. Thus, these 

predictions can be described as retrospective (Bendixen et al., 2012). Here, the term is used 

in its literal sense as these types of predictions are generated based on an already established 

internal representation. Experimental evidence for the role of the cerebellum in generating 

these fast and agency-based predictions has been provided by several studies on self-

produced speech (e.g., Christoffels et al., 2007) or self-produced tactile stimuli (e.g., 

Blakemore et al., 1999b; see Figure 4A).  
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Figure 4 Types of cerebellar predictions.  
The figure presents a hypothetical taxonomy of different types of predictions generated in the 
cerebellum: A) Predictions derived from intrinsic representations, such as predictions based 
on efference copies of motor commands (i.e., motor-to-sensory predictions); B) Predictions 
based on extrinsic representations, such as predictions based on newly acquired patterns 
(i.e., sensory-to-sensory predictions); C) Predictions based on higher-order learning, 
providing a complex rule (i.e., cognitive-to-sensory predictions). As soon as these predictions 
are automatized they are implemented as newly established internal representations.  
 

Now, imagine an experiment, in which participants listen passively to tones that appear in a 

highly regular sound stream. If an expected sound is omitted the brain elicits a response that 

is very similar to that of a real tone. It has been suggested that a prediction concerning the 

next upcoming event has been established, which is so strong that brain response (i.e., the 

ERP-component N100) is restored (Bendixen et al., 2009). This example describes a 

prediction that is based on a temporal and acoustic template of the sound provided by the 

frontal cortex. The information that is used to generate this representation is extrinsically 

derived. In other words, a mental representation of the sound pattern has been acquired based 

on externally provided information – namely, what happens, and when does it happen (Kotz 

& Schwartze, 2010) – which is then used to build a prediction. This type of prediction is 

implicitly learned (Ford & Mathalon, 2012) as it is generated automatically, unconsciously, 

and impossible to be avoided. In contrast to the first type of prediction, it can be described as 

prospective (Bendixen et al., 2012) as a new representation is dynamically learned before a 

prediction can be generated. This type of prediction seems to be generated by the cerebellum: 

In a study comparing self-initiated, highly predictable sounds (i.e., sounds produced via a 

finger tap) with externally-produced, unpredictable sounds, it was found that the cerebellar 
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patients were unable to achieve the distinction between the two sound types as they were 

unable to generate the appropriate prediction (Knolle et al., 2012).  

Although sounds were self-produced in this study, thus relying on agency, the exact 

sensational representation of the sound that is elicited via a finger tap has to be implicitly 

learned during the first trials of the experiment. As soon as a representation is established, the 

cortex can provide the cerebellum with sufficient information to generate a precise prediction 

concerning the sensory consequences of a finger tap. As discussed earlier, Courchesne and 

Allen (1997) provided an anatomical and functional differentiation of predictive processing 

in the cerebellum. The authors suggested that rapid, short-term predictions are generated in 

the deep cerebellar nuclei, whereas higher-quality, long-term predictions are formed in the 

cerebellar cortex, which update those produced in the cerebellar nuclei. Thus, it can be 

speculated that during the first trials predictions are generated within the deep cerebellar 

nuclei. During these first trials the predictions may be basic and unspecific. However, the 

internal representations are continuously updated and transmitted to the cerebellar cortex. 

Hence, as soon as more complex, higher-quality representations are provided, they are used 

by the cerebellar cortex to generate specific predictions. According to Courchesne and Allen 

(1997) it can be assumed that the rapid, short-term predictions formed in the deep cerebellar 

nuclei may be replaced by higher-quality, long-term predictions generated in the cerebellar 

cortex (see Figure 4B).  

The third type of prediction is based on a representation that is built upon externally acquired, 

complex information. However, in contrast to the second type of prediction, the 

representation is based on higher-order regularities that are cognitively derived. Imagine you 

take part in a language experiment testing sophisticated syntactic processing. During the test 

block including learning trials, you try to establish a rule that explains the language input, for 

example, A German subclause always carries the finite verb in final position. Your strategy is 

to formulate such a rule and, then, to test it in the next sentence. The output of the rule is a 

prediction concerning the syntactic features of the upcoming sentence. If a modulation of the 

rule is required, the respective prediction is also updated. In other words, the third type 

describes a prediction, which is based on an explicitly learned representation of a rule that is 

generated consciously and under attentional control. Thus, the required predictive processing 

applies a prospective account (Bendixen et al., 2012) as it relies on a representation that is 

still in the process of being established. Although not explicitly tested, it can be speculated 
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that the cerebellum also contributes crucially to generating this kind of prediction as it has 

been found to be activated in many different language tasks involving predictive processing 

(Adamaszek et al., 2012; Callan et al., 2007; Durisko & Fiez, 2010; Strelnikov et al., 2006; 

see Marien et al., 2001 for a review).  

Similarly to the second type of prediction, it can be hypothesized that as soon as a complex 

representation is established and verified that usually induces a prediction generated in the 

cerebellar cortex, and subsequently, the conduction of predictive processing is shifted to the 

deep cerebellar nuclei. Thus, also higher-order regularities can be extracted as internal 

representations, which may lead to an unconscious, rapid retrieval, enabling speeded 

prediction formation. This phenomenon can be observed in everyday conversations, in which 

complex syntactic and semantic rules, which have been automatized by continuous repetition 

in language learning, build the basis for constant predictive processing concerning elements 

of the sentence (see Figure 4C). Thus, the second and the third type of predictions describe 

continua, rather than discrete forms. Although they are based on externally derived 

representations, they may be transformed into internal, automatically generated 

representation through different forms of learning, such as repetition.  





 

2  

Methods: Testing an auditory forward model 

The previous two sections have shown that predictions generated via forward models have 

been at the core of scientific debate as they allow for the distinction between sensations that 

are self-induced and sensations that are externally induced. Investigating forward predictions 

experimentally requires to directly compare two sensations that do not differ qualitatively, 

but only as a function of the source of generation (i.e., internal and external). Four decades 

ago, Schäfer and Marcus (1973) investigated the question of how the self-stimulation of 

auditory sensations alters brain responses when compared to the same auditory sensation 

externally-induced. Conducting an EEG-experiment, the authors reported an N100-

suppression effect in response to self-initiated compared to externally-produced sounds. 

Similar effects were also presented for visual stimuli. Hence, the results indicated the 

successful generation of a prediction and provided evidence for an efficiently working brain 

(Schäfer & Marcus, 1973). The phenomenon was labeled N100-suppression effect. Hence, 

this study paved the way for an extensive investigation of self-initiated and externally-

produced sensory stimuli.  

Studies investigating self- and externally-generated sensations either applied methods with a 

high temporal resolution such as EEG and magnetoencephalography (MEG) allowing a 

precise analysis of differences in the time course of the two types of stimuli (e.g., EEG: Baess 
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et al., 2008; MEG: Martikainen et al., 2005) or methods with a good spatial resolution such 

fMRI and positron emission tomography (PET) contrasting the activation patterns elicited by 

self- and externally-generated sensations (e.g., fMRI: Christoffels et al., 2007; PET: 

Blakemore et al., 2001). With regard to auditory processing, several studies replicated the 

results of Schäfer and Marcus (1973) reporting an attenuation in the N100/M100 amplitude 

(i.e., an ERP- or event-related field (ERF)-component peaking 100 ms after the stimulus 

onset) in response to a self-initiated sinusoidal tone compared to the same stimulus that is 

externally triggered (e.g., EEG: Baess et al., 2008; Baess et al., 2011; Hazemann et al., 1975; 

Knolle et al., 2012; McCarthy & Donchin, 1976; MEG: Aliu et al., 2009; Martikainen et al., 

2005). Interestingly, forward predictions have also been investigated in various vocalization 

studies: It was found that self-produced speech elicited an N100/M100-suppression effect as 

well as attenuated blood oxygen level dependent (BOLD)-responses in the auditory cortex 

when compared to playback that is externally presented (fMRI: Christoffels et al., 2007, 

2011; MEG: Curio et al., 2000; Gunji et al., 2001; Heinks-Maldonado et al., 2006; Houde et 

al., 2002; Kauramäki et al., 2010; Numminen & Curio, 1999; Numminen et al., 1999; 

Ventura et al., 2009; EEG: Ford et al., 2001; Heinks-Maldonalo et al., 2005). Relatedly, 

animal studies revealed a suppression of neuronal responses in auditory cortex during 

vocalization (Eliades & Wang, 2003; Müller-Preuss & Ploog, 1981).  

While some studies investigate predictions produced via a forward model using methods with 

high spatial resolution such as fMRI or PET, in the experiments presented in the current 

thesis, EEG is the method of choice. The EEG signal, which is measured at the surface of the 

scalp, is the accumulation of synchronously firing neurons activated by excitatory 

neurotransmitters. EEG has the advantage of providing precise temporal information of the 

effect, which is not possible when using fMRI or PET. Yet, the current thesis aims at 

investigating various features of auditory forward prediction, which lead to subtle 

modulations of the temporal development of prediction effects. Thus, a method with high 

temporal resolution is required for the experiments reported in Chapter 3. As it will be 

described in Chapter 2.2., the ERPs investigated in the thesis are common components, which 

are consistently generated in EEG-studies on auditory processing.  

Although there is a disadvantage of not being able to reliably detect the source of an effect, 

this drawback can be minimized when conducting studies with patients. For example, patients 

with focal vascular lesions have destroyed brain tissue in specific brain areas. This hinders 
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the interaction of information flow between critical and interconnected brain areas. Thus, a 

possible prediction generator can be verified by testing patients with lesions in a critical brain 

region involved in predictive processing.  

 

2.1 Standard and modulated N100-suppression paradigms 

The standard N100-suppression paradigm compares self-initiated sensations and externally-

produced sensation in two separate conditions testing a forward model (Figure 5A). In the 

condition including self-produced stimuli, sounds are instantaneously triggered via a finger 

tap on a tapping device (i.e., stimuli are sensory consequences of a motor action). Auditory 

stimuli are immediately presented over headphones. The self-produced sound stream is 

recorded online, and used as an external stimulus sequence in a separate condition comprising 

external stimulation. As participants produce the train of stimuli themselves, the interval 

between two stimuli is not isochronous. Therefore, externally-generated stimuli occur in an 

unpredictable temporal pattern, whereas, self-produced stimuli are highly predictable due to 

an efference copy based on the motor command (see 1.1.3). Furthermore, a control condition 

is conducted. This condition controls for motor activity caused by the self-initiation of a 

stimulus. Although a finger tap is executed, no auditory event is delivered. Hence, the 

activity, registered in an ERP-pattern, which is recorded during tapping, is motor induced. 

Before analyzing the data, the motor activity is subtracted from the activity generated during 

the stimulus production. Hence, the distinguishing factor between a self-generated and an 

externally-produced stimulus is the predictability based on sensation only (Knolle et al., 

2012).  

The N100-suppression paradigm also offers the possibility to test different aspects of 

predictive processing by manipulating several parameters of the paradigm, such as specific 

features of the stimuli. Maintaining the overall setup, the modulated paradigms still consist of 

a condition, in which stimuli are self-produced, a condition in which stimuli are externally 

presented, based on the sequence generated via self-initiation, and a control condition. The 

simplest modification includes the manipulation of stimulus quality. For example, instead of 

using a synthesized sinusoidal sound, it is possible to test the paradigm using a natural speech 

sound (Knolle et al., in prep. a; see also 2.2). This manipulation explores whether predictions 

are produced in response to complex sensory stimuli. This allows an application of the 
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paradigm to more complex auditory processing, such as language production and 

comprehension.  

 
 

Figure 5 Paradigms – standard and modulated. 
This display presents possible paradigms. A) The Standard Paradigm consists of a condition 
in which sounds are self-produced via a finger tap in a self-paced sequence. This sequence is 
recorded online and presented as an external sound stream in the second condition. 
Furthermore, a control condition is set up controlling for motor activity. B) In this first 
modulated paradigm, self-initiated sounds can either be standards (70%) or deviants (i.e., 
sounds with a different frequency), both induced via a finger tap. Again, this sound stream is 
recorded and used as the externally-produced stimulus sequence. C) The second modulated 
paradigm presents self-initiated sounds and externally-produced sounds in one condition. 
However, this sequence, also containing both types of sounds, is recorded online and used as 
a purely external sequence. In all paradigms a control condition is used.  
 

In the standard setup, all features of a self-initiated stimulus are predictable, but, what 

happens when a prediction is violated? In order to investigate this question, a second 

adaptation of the standard paradigm can be set up containing 30% of the self-initiated stimuli 

that violate the prediction of a given stimulus feature (e.g., frequency). This violation creates 
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a prediction error (Figure 5B). The manipulation aims at testing the specificity of a prediction 

(Knolle et al., in review, in prep. a; see also 2.1, 2.2). As pointed out in the description of the 

standard paradigm, self- and externally-produced stimuli are usually presented in two 

separate conditions. Thus, it can be argued that the differences in the ERP results are not 

caused by a successfully generated prediction, but by different condition demands. 

Controlling for this possibility, in a third adaptation, self- and externally-produced stimuli are 

presented within one condition (Figure 5C). As externally-produced sounds follow and 

precede self-initiated stimuli randomly, this adapted paradigm tests whether a prediction is 

selectively generated in response to self-initiated stimuli (Baess et al., 2011; Knolle et al., in 

revision; see also 2.4).  

However, it is necessary to consider that the standard as well as the modulated N100-

suppression paradigms only provide an indirect test of investigating prediction formation. 

The N100-suppression effect is the outcome of a successfully generated prediction. As the 

predictive processing modulates brain activity prior to the stimulus, the ERP-response (e.g., 

N100) that occurs shortly after the stimulus onset, only shows the modulating effect of the 

prediction. Thus, an N100-suppression effect is a reliable consequence of a prediction, but it 

is not a representation of the prediction per se. 

 

2.2 Event-related brain responses: N100, P200, N2b, and P3a 

ERPs describe electrocortical potentials that are recorded on the surface of the scalp using the 

EEG. ERPs display sensory, motor or mental activity, which can be recorded prior, during, or 

after a stimulus. ERPs have amplitudes ranging between 1-30 µV. Thus, they are reduced 

compared to spontaneously measured EEG. However, as the spontaneous EEG is random, 

noise is eliminated by averaging multiple experimental trials, leaving only the respective ERP 

responses triggered by a stimulation. The present chapter focuses on those auditory ERP 

components investigated in the current thesis (see Figure 6), independently of whether they 

are also elicited in other sensory modalities. Typically, an ERP component is named 

according to its polarity, amplitude, and latency.  

The N100 component describes a fronto-central negativity that peaks at around 100 ms after 

the onset of an auditory stimulus (Vaughan & Ritter, 1970). This component has been 
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exhaustively investigated (see Näätänen & Picton, 1987 for a review), and found to comprise 

several subcomponents (Coles et al., 1995). The literature proposes that several cortical areas 

contribute to the generation of this ERP effect, including the auditory cortex as well as 

auditory association areas (Näätänen & Picton, 1987; Giard et al., 1994). The N100 indicates 

auditory processing, which is modulated by several parameters, including physical changes, 

such as intensity, frequency and source location. It has been shown that with decreasing 

intensity the N100 amplitude decreases and its latency increases (Harris et al., 2007). 

Interestingly, effects of frequency are inversely related to intensity, showing an increase in 

the N100 amplitude with decreasing frequency (Dimitrijevic et al., 2008). Furthermore, the 

location of the stimulus source modulates the N100 showing an increased amplitude on the 

side of stimulus presentation (Näätänen & Picton, 1987). Attention also has a modulatory 

impact on the N100: Attended stimuli elicit a larger amplitude compared to unattended 

stimuli (Hillyard et al., 1973). Moreover, the N100 is modulated by predictability of a 

stimulus, revealing a decrease in amplitude with an increase in predictability (Knolle et al., in 

review. a; see Figure 6 for graphic display of all components described in this subsection).  

The P200, a positive deflection following the N100, is often discussed as a part of the N100-

P200-complex. However, ample evidence suggests that the P200 is an independent 

component that differs from the N100 by potential generators and response characteristics 

(Crowley & Colrain, 2004). Furthermore, the P200 is influenced by physical features of a 

stimulus, including pitch (Wunderlich & Cone-Wesson, 2001) and intensity (Hegerl & 

Juckel, 1993), as well as by predictability (Knolle et al., in revision). In general, the P200 is 

thought to reflect more cognitive processing than the N100 (Crowley & Colrain, 2004; Sauter 

& Eimer, 2010). Paulmann and Kotz (2008) suggested that the N100 reflects the automatic 

detection of stimulus saliency, whereas the P200 integrates the extracted information while 

consciously processing the event. Furthermore, the P200 was found to be dependent on age, 

showing an amplitude increase relative to an increase in age (Friedman et al., 1993a).  
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Figure 6 Schematic representation of ERP-responses.  
Display of all auditory ERPs that are elicited by standard and adapted paradigms used in the 
current thesis. The solid black line represents the ERP in response to an externally-generated 
auditory stimulus, reflecting a N100 and a P200. The dotted black line represents an 
electrophysical response to a self-initiated auditory deviant reflecting a modulated N100, an 
N2b and a P3a. 
 

The N2b is a centrally distributed subcomponent of the N200 which partially overlaps the 

mismatch negativity (MMN; Näätänen et al., 1982, 1993), which is also a subcomponent of 

the N200. Whereas the MMN (not shown in Figure 6) detects a modality-specific, pre-

attentive mismatch process, which is elicited by a change in stimulus features occurring in a 

repetitive, consistent sequence, the N2b reflects a modality-independent stimulus change in 

an attended stimulus sequence (Näätänen & Gaillard, 1983). The N2b is induced in response 

to deviants occurring in an attended condition, reflecting the controlled detection of an 

infrequent target and non-target stimulus (Näätänen et al., 1982; Ritter; et al., 1979, 1992). 

Horváth et al. (2008) argued that this detection is consciously generated. Usually, the N2b 

precedes the P3a specifically in an auditory oddball paradigm. It has been stated that the N2b-

P3a complex reflects the classical full-scale orienting reflex toward an infrequent, unexpected 

stimulus (Näätänen & Gaillard, 1983).  

The P3a is a positive deflection peaking at around 300 ms after a task-irrelevant salient event 

(Linden, 2005). Together with the P3b, the P3a is a subcomponent of the P300 (Volpe et al., 
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2007). In experimental settings, the P3a usually occurs together with a P3b (Linden, 2005). 

Whereas the P3b commonly relates to task-relevant deviants, the P3a reflects a more general 

change-detection as it detects task-irrelevant deviants that are more salient than targets 

(Polich, 2007; Squires et al., 1975). Hence, it reflects an attentional orienting response 

towards an unexpected change (Schröger, 1997). Based on intracranial recordings, the P3a 

has been suggested to be generated in the frontal lobe (Friedman et al., 1993b). Furthermore, 

the P3a has been related to orienting attention (Posner & Peterson, 1990). The P3a that is 

fronto-centrally distributed (Escera et al., 2000) has been found to have a shorter latency than 

the centro-parietally distributed P3b (not shown in Figure 6), and to reveal stronger 

habituation effects (Courchesne et al., 1975). In contrast to the P3b, the P3a is strongly 

affected by stimulus configurations (Courchesne et al., 1975). Generally, the P3a is 

considered a modality-independent component that is observed in different populations (see 

Polich, 2007 for a review).  

 

 



 

3  

Studies: A cerebellar forward model of auditory 

processing 

The current thesis addresses four questions regarding auditory forward predictions: First, do 

predictions, generated to process self-initiate sounds, hold specific information about acoustic 

features of a predicted sound? Second, can these forward predictions be applied to complex 

auditory stimuli, such as speech sounds? Third, where are these auditory forward predictions 

generated – in the cerebellum? And finally, if so, are cerebellar predictions selectively 

generated in response to self-initiated sounds via a forward model? Each question will be 

addressed in one of the four following studies.  

In the first study, the specificity of auditory predictions was investigated, addressing the 

question whether the auditory prediction holds concrete information of the to-be-predicted-

sound. Here, the influence of prediction errors on the overall processing of self-initiated 

sounds was examined. Prediction errors occur when predictions are violated as deviant tones 

are elicited. Although a prediction concerning the sensory consequences of the sound is 

generated when it is violated, this prediction is imprecise. Thus, the prediction error dampens 

the benefit compared to the formation of a successful prediction. To address this issue, the 

standard N100-suppression paradigm was manipulated by comparing self-initiated with 

externally-produced sounds, of which 30% were altered in frequency. These self-initiated and 
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externally-produced deviants induced prediction errors as a function of stimulus quality and 

occurrence. On the one hand, this setup allowed testing whether specific auditory predictions 

are generated when a sound – deviant or standard – is self-produced. A modulation of the 

N100-suppression effect in response to self-initiated deviants was expected, showing that the 

degree of specificity also modulates the suppression effect. On the other hand, the 

modification of the paradigm permitted the investigation of prediction errors in self- and 

externally-generated deviants. Deviant stimuli usually are reflected in deviance detection 

components, such as the N2b and P3a. Hence, it was expected that these ERP-components 

would be elicited in the current paradigm. However, as self-initiated deviant stimuli elicit 

prediction errors, an enhanced N2b and P3a were expected in response to self-initiated 

deviants compared to externally-produced deviants. These hypotheses were confirmed. The 

findings reveal that prediction errors, which occur in response to self-initiated sounds are 

more salient, leading to more efficient processing. Furthermore, the results show that the 

degree of suppression varies as a function of prediction specificity. In other words, the degree 

of suppression is proportional to the specificity of the prediction, which, in turn, depends on 

the amount of incoming information. 

The second study, containing two experiments, followed up on the initial findings and 

addressed two questions: First, is the forward model applicable to more complex sounds, 

such as speech sounds? In other words, are predictions generated in response to self-initiated 

speech sounds? Second, are these predictions specific in terms of containing concrete 

information of the predicted sound? These questions were addressed in two experiments: The 

first experiment utilized the standard suppression paradigm, comparing self-initiated and 

externally generated speech sounds (i.e., vowels). In the second experiment, the suppression 

paradigm was manipulated by comparing self- and externally-produced vowels, of which 

30% were altered in sound quality (i.e., a different vowel was elicited). In the first 

experiment, it was predicted that self-initiated speech sounds should elicit an N100-

suppression and a P200-reduction effect. This would support the notion that a forward model 

also applies to complex auditory input, such as speech sounds by generating a prediction 

concerning the expected auditory input. In the second experiment, investigating standard and 

deviant vowels, it was expected that the results should be comparable to those reported in the 

first study: If specific predictions are generated, self-initiated deviants should elicit a 

modulated N100-suppression effect compared to self-initiated standard vowels. Furthermore, 
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also an enhancement in the N2b and the P3a component should be elicited in response to self-

initiated deviants compared to externally-produced deviants. The results confirmed the 

hypotheses. Thus, the findings are in support of the results of the first study: On the one hand, 

they reveal that specific predictions are formed independently of the stimulus complexity. On 

the other hand, the results show that prediction errors are more salient in self-initiated stimuli 

due to the violation of a specific prediction, which created a concrete expectation.  

The third study focused on the neural correlate of forward prediction formation, by 

addressing the question what brain structure generates auditory predictions in response to 

self-initiated sounds. According to the ‘internal forward model’, the cerebellum generates 

predictions about somatosensory consequences of movements preparing the respective 

cortical areas to receive predicted sensory input. Based on the notion that the cerebellum 

receives information from all cortical brain areas (Doya, 1999), it was hypothesized that the 

cerebellar forward model applies to other domains than the motor domain only (Ramnani, 

2006). The standard N100-suppression paradigm was tested in a group of patients with focal 

cerebellar lesions and compared to an age, gender, and education matched healthy control 

group. We hypothesized that if the cerebellum is involved in the generation of a motor-to-

auditory forward model, patients with focal cerebellar lesions should not display a N100-

suppression effect. The results revealed that compared to healthy controls, patients showed a 

largely attenuated N100-suppression effect. Hence, the results of the third experiment suggest 

that the cerebellum forms not only motor-to-somatosensory predictions, but also motor-to-

auditory predictions, which provides an extension of the cerebellar forward model to other 

domains. Furthermore, both, controls and patients showed a P200 reduction elicited by self-

initiated sounds. This result suggests that an additional, and probably more cognitive, 

mechanism identifies a self-generated stimulus, which does not depend on the prediction 

formation related to the cerebellum. 

Finally, having presented first evidence for auditory forward predictions being generated by 

the cerebellum, the fourth set of experiments addressed the question, whether motor-to-

auditory predictions are selectively generated in response to self-initiated sounds by applying 

a forward model. To address this question a modulated N100-suppression paradigm was used 

to compare self-initiated and externally-produced sounds when intermixed in the same 

condition. This setup allowed replicating the results from the latter study, but also enabled an 

investigation of the selectivity of the prediction in response to self-initiated sounds. The 
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externally-produced sounds followed the self-initiated sounds in one of four temporal 

intervals. If an externally-produced sound occurred within a short interval after or before the 

self-initiated sound it could erroneously be perceived as a self-initiated sound, possibly 

eliciting an N100-suppression similar to that in response to self-initiated sounds. Such a result 

would indicate that the cerebellum does not generate predictions selectively in response to a 

self-initiated sound by applying a forward model but rather generates predictions based on 

temporal information. However, if the cerebellum is involved in generating motor-to-auditory 

predictions selectively in response to self-initiated sounds, it was hypothesized that healthy 

controls should show an N100-suppression effect only in response to self-initiated sounds 

when intermixed with externally-generated sounds, whereas cerebellar patients should not 

show a N100-suppression effect in response to self-initiated sounds. The results revealed that 

the cerebellum is indeed involved in generating selective predictions in response to self-

initiated sounds: As hypothesized, cerebellar patients did not show an N100-suppression 

effect in response to self-initiated sounds. This effect was not influenced by the temporal 

proximity of the externally-produced sounds relative to self-produced sounds. As both, 

controls and patients showed a P200 reduction in response to self-initiated, sounds the results 

support the assumption that the N100-suppression may reflect specific but automatically 

generated predictions, whereas the P200-suppression may relate to a conscious reflection of 

the prediction, meaning a conscious detection of a sound that was self-initiated. 

Taken together this set of four studies reveal a more complete picture of auditory forward 

predictions generated via a forward model. They provide evidence that forward predictions 

are generated specifically, selectively, and independently of stimulus quality in response to 

self-initiated stimulation. Furthermore, the results suggest that the forward model is 

implemented in the cerebellum, indicating that this structure is involved in the generation of 

forward predictions. In Chapter 4, the results of all these studies will be set in a greater 

context. Furthermore, the role of the cerebellum in sensory as well as cognitive processing 

will be discussed. Finally, an outlook will be provided considering open questions and 

possible clinical implications of forward predictions. 



 

3.1 Prediction errors in self- and externally-generated deviants
2
 

Abstract 

Sounds generated by one’s own action elicit attenuated brain responses compared to brain 

responses to identical sounds that are externally-generated. The present study tested whether 

the suppression effect indexed by the event-related potential (ERP) components of N100 and 

P200 is larger when self-generated sounds are correctly predicted than when they are not. 

Furthermore, sounds violating a prediction lead to a particular prediction error signal (i.e., 

N2b, P3a). Thus, we tested whether these error signals increase for self-generated sounds 

(i.e., enhanced N2b, P3a). We compared ERPs elicited by self- and externally-generated 

sounds that were of frequent standard and of infrequent deviant pitch. The results confirmed 

an N100- and P200-suppression effect elicited by self-generated standard sounds. The N100-

suppression was smaller in response to self-initiated deviant sounds, indicating a specificity 

of predictions for self-generated sounds. In addition, an enhancement of N2b and P3a for 

self-generated deviants revealed the saliency of prediction error signals. 

 

3.1.1 Introduction 

The notion of forward predictions addresses a relevant aspect of everyday life. As sensations 

we perceive are often self-generated, it is necessary to distinguish between the input produced 

by one’s own actions and the input that is generated by external sources. The internal forward 

model (Blakemore et al., 1998; Wolpert, 1997) that provides a theoretical account for forward 

predictions suggests that if an action is self-produced, an efference copy of the motor 

command is generated to predict the sensory consequences of an action and to prepare the 

respective cortical areas to receive sensory input (Wolpert et al., 1995). The processing 

activity directed to the expected sensory input (e.g., self-generated sensations) is 

consequently reduced, providing more resources for processing externally-generated sensory 

input (Blakemore et al., 1998; Chen et al., 2011; Creutzfeldt et al., 1989; Hesse et al., 2010; 

Martikainen et al., 2005).  

Recently, we were able to show that the cerebellum is involved in generating motor-to-

auditory predictions when processing self-generated sounds (Knolle et al., 2012). We used an 

                                                           
2 This study is based on the article: Knolle, F., Schröger, E., Kotz, S.A. (in review). Prediction errors in self- and 

externally-generated deviants. Biological Psychology. 
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N100-suppression paradigm (Schäfer & Marcus, 1973) that allows comparing self- and 

externally-generated sounds. The sound types are identical but differ in the way of 

production: Self-generated sounds are generated via a finger tap, whereas externally-

generated sounds are played back externally. In this patient study (Knolle et al., 2012), 

participants with focal cerebellar lesions showed a strongly diminished N100-suppression 

effect in response to self-generated sounds. This indicates that the cerebellum is involved in 

generating forward predictions. Testing the same phenomenon in healthy participants, several 

electroencephalographic (EEG) and magnetoencephalographic (MEG) studies used the 

N100/M1-suppression paradigm to investigate motor-to-sensory predictions (Baess et al., 

2008, 2011; Lange, 2011; Martikainen et al., 2005; Schäfer & Marcus, 1973): These studies 

consistently report an N100/M1 suppression effect in response to self-generated sounds and 

confirm that the paradigm reliably tests motor-to-auditory predictions.  

However, as we encounter acoustic information in a dynamic environment, acoustic features 

of an auditory stimulus may turn out to be unpredictable, even when we produce these 

auditory sensations ourselves. Thus, it is relevant to ask whether motor-to-auditory 

predictions are specific. If that is the case, the slightest violation of a prediction (i.e., a 

prediction error) should be salient. For example, at a party where noise is so high that you can 

barely hear yourself speak, you may be unable to control whether you speak loud enough for 

your conversation partner to understand you well. Although a prediction concerning the 

sensory consequences of your speech output is generated, this prediction may be imprecise as 

the monitoring of your voice is altered by the noise around you. If the expectation of the 

loudness of your voice is violated, a prediction error is created. In such a situation the benefit 

of a prediction is smaller compared to a conversation in a quiet room where predictions can 

be specific.  

In a previous study comparing self- and externally-generated sounds, Baess et al. (2008) 

modified the predictability of sounds. The authors reported that even when the predictability 

of self-generated sounds is reduced, the N100 is suppressed when compared to externally-

generated sounds. However, the authors did not discuss the impact of prediction specificity in 

terms of the N100 nor the possibility that such modifications may create a prediction error 

due to a less specific (or incorrect) prediction. Such a prediction error may not only modulate 

the N100 suppression effect but also leads to other ERP responses when sounds are self-

generated deviants, such as the N2b and P3a that signal deviant detection. Relatedly, the 
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concept of prediction specificity has been tested in speech perception comparing natural and 

altered auditory feedback (i.e., Behroozmand et al., 2011; Heinks-Maldonado et al., 2005). In 

these studies, participants listened to their own, unchanged voice, as well as to acoustically 

altered feedback. Thus, they were able to form a specific prediction with respect to their own, 

unchanged vocalizations. However, these predictions were altered when auditory feedback 

was changed (change in voice onset or frequency). In the latter case, when a prediction is less 

specific, the N100-suppression effect was smaller compared to unchanged feedback. The less 

specific prediction creates a prediction error. Therefore, we hypothesize that the degree of 

suppression varies as a function of prediction specificity. In other words, the more specific a 

prediction is (i.e., a specific representation of the to-be-predicted sensation), the larger the 

suppression effect becomes. Additionally, the more specific a prediction is, the more efficient 

is the processing of prediction errors (i.e., even subtle violations are detected). Thus, we 

speculate that other components may reflect the detection of attentional orienting towards 

infrequent, unexpected sounds, such as the N2b or the P3a.  

To address this possibility that a prediction error affects the processing of self-generated 

stimuli, we adapted the standard N100-suppression paradigm by comparing self-generated 

with externally-generated sounds, of which 30% were altered in pitch. The pitch-altered, self- 

and externally-generated deviants induce predictions errors. On the one hand, this set-up 

allowed testing whether specific auditory predictions are generated when a sound is self-

produced as seen in the modulation of the N100-suppression effect. On the other hand, it 

allowed investigating whether deviant sounds that induce a prediction error, as a specific 

prediction is violated, elicit additional ERP component known to respond to deviance 

detection such as the MMN/N2b and P3a. 

Considering previous studies (e.g., Baess et al., 2008; Behroozmand et al., 2011; Knolle et 

al., 2012), we expected to find an N100-suppression effect in response to self-generated 

standard sounds when predictions are fulfilled. Furthermore, we expected a reduced N100-

suppression effect in response to self-generated deviants because predictions regarding a 

specific acoustic feature of a sound (i.e., frequency) are not fulfilled, and are therefore less 

specific. In other words, we expected a modulation of the N100 in the case of a prediction 

error, which is seen in a minimized N100-suppression effect, due to an increase in the N100 

in response to self-generated deviants. Relatedly, we expected to find a P200-reduction in 

response to self-generated standard and deviant sounds, because previous evidence has shown 
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that while the N100-suppression may reflect specific predictions, the P200-reduction could be 

a conscious reflection of such a prediction, or rather, the conscious detection of a sound that 

is self-generated (Knolle et al., 2012; Sowman et al., 2012).  

However, if specific predictions are generated but violated, the prediction error should be 

reflected in an ERP response. We hypothesize that prediction errors elicited in response to 

self-generated deviants sounds should not only elicit a reduced N100-suppression effect 

(Baess et al., 2008; Behroozmand et al., 2011), but also components indicating that an error 

was detected such as an N2b and a P3a (for reviews see, e.g., Escera et al., 2000; Folstein & 

Van Petten, 2008; Näätänen, 1990). Even though the MMN also reflects deviance detection, 

we will not further consider this component. Firstly, the MMN is assumed to be automatic 

and does not depend on agency, and secondly, it may be difficult to separate it from a 

temporally overlapping N2b that is expected in response to self-generated deviant sound. In 

general, the N2b, however, reflects the cognitive detection, or controlled registration, of an 

infrequent variation of stimulus properties (Horvath et al., 2008; Näätänen et al., 1982; Ritter 

et al., 1992). Furthermore, we speculate that a self-generated deviant should also produce a 

P3a response as this component reflects the detection of infrequent and unexpected sounds, 

indicating attentional orienting (Linden, 2005; Polich, 2007; Snyder & Hillyard, 1976). In 

contrast, we expect that a strongly reduced N2b and P3a component will be elicited in 

response to externally-generated deviants, indicating that self-generated deviants are more 

salient than externally-generated deviants (Ford et al., 2010). Taken together, the current 

study aims to (1) investigate the specificity of predictions when a sound is self-generated and 

(2) explore how prediction errors are reflected in the ERP. 

 

3.1.2 Methods 

3.1.2.1 Participants  

Sixteen volunteers (8 females) participated in the current study. All were right-handed 

according to the Edinburgh Handedness Inventory (Oldfield, 1971). The mean age was 24.9 

years (SD: 1.8 years) and the age range was 23 to 27 years of age. Participants were recruited 

from the database of the Max-Planck Institute for Human Cognitive and Brain Sciences in 

Leipzig. None of the participants reported any neurological dysfunctions. All subjects 

reported normal or corrected-to-normal visual acuity, and normal hearing. All participants 
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gave their written informed consent and were paid for their participation. The experiment was 

conducted in accordance with the Declaration of Helsinki and approved by the Ethics 

Committee of the University of Leipzig. 

3.1.2.2 Experimental conditions and procedure 

The study contained two experimental conditions and one control condition (Figure 7). In the 

auditory-motor condition (AMC) participants induced finger taps approximately every 2.4s 

(see Knolle et al., 2012, for a detailed description). Each tap elicited an immediate 

presentation of a sinusoidal tone via headphones (maximal delay between the finger tap and 

the presentation of the sound was 2ms due to the loading of the sound). 30% of the taps 

elicited a deviant sound that was either higher or lower in frequency than the standard sound 

(the allocation of standard and deviant sound was counterbalanced: 680Hz vs. 1000Hz). 

Counterbalancing the allocation of frequencies allowed comparing two different sound types 

(i.e., standard and deviant) that had identical sound qualities. Otherwise, possible differences 

in ERPs between the sound types could also result from such physical differences. The 

acoustic stimulation of AMC was recorded on-line. This recorded sound stream was used as 

the “external sound sequence” in the auditory-only condition (AOC). Thus, the participants 

received exactly the same set of stimuli in both experimental conditions, containing standard 

and deviant sounds. As AOC is a passive listening condition, participants did not produce 

finger taps, but were simply asked to listen attentively to the auditory stimuli. Lastly, 

participants took part in a control condition: the motor-only condition (MOC), in which they 

also performed self-paced finger taps every 2.4 s. However, in contrast to the AMC no 

auditory feedback was given. This final condition served as a control condition for motor 

activity in AMC.  

The experimental run was preceded by a learning block and a training block. In the learning 

block, the interval of 2.4s was externally presented via a metronome and the participants were 

asked to tap along. After having acquired a basic understanding of the tapping interval, 

participants performed a training block. The training block included visual feedback to 

indicate whether a trial was too slow (tapping interval longer than 3 s) or too fast (tapping 

interval shorter than 1.8 s). The feedback allowed participants to adjust their tapping interval. 

Thus, the training block was included to ensure that participants had learned to estimate 2.4s 
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between two successive finger taps without counting. During the experimental run, no 

feedback was given.  

 
 

Figure 7 Schematic illustration of the conditions.  
A) Auditory-motor condition (AMC): A sound is self-initiated via a finger tap. 30% of the 
finger taps elicit a deviant sound (grey background). This sound sequence is recorded online. 
B) Auditory-only condition (AOC): The sound sequence is presented externally, containing 
all sounds from AMC. C) Motor-only control condition (MOC): taps are required, but no 
sound is elicited. 
 
Participants were comfortably seated in an electrically shielded and sound-attenuated 

experimental chamber. A fixation cross was displayed in the middle of a computer screen. To 

ensure that the motor activation pattern was similar across participants, they were instructed 

to change the index finger they were using whenever indicated on the screen. Hence, all 

participants tapped in equal parts with their left and right hand. The order of tapping hands 

was randomized across participants; additionally, there was a sign on the screen which 

indicated the hand they should be using. The participants performed the combination of AMC 

and AOC twice: during one run the standard sound, which was triggered via a tap, was a 

sound of 680Hz and the deviant sound was one of 1000Hz. In the other run the allocation of 

standard and deviant sound level was reversed. The sounds were 50ms in duration and were 

dichotically presented at ca. 70 dB SPL via headphones (Sennheiser HD 202) during the 

AMC and the AOC. An in-house-built, highly sensitive tapping device was used to record the 

finger taps. No measurable sound was emitted by the taps. Each run of the AMC and the 

AOC consisted of 200 trials, which were repeated twice. Consequently, 280 self-generated 
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standard sounds and 120 self-generated deviant sounds were recorded, as well as 280 

externally-generated standard sounds and 120 externally-generated deviant sounds. The MOC 

consisted of 100 trials. This resulted in a total of 900 trials. Experimental conditions were 

presented in mini-blocks of 100 trials each. Block order was restricted: The AMC always 

preceded the AOC, but the occurrence of the MOC (control) was randomized across 

participants.  

 
3.1.2.3 Electrophysiological recordings and data analysis 

electroencephalogram (EEG) was recorded continuously from 59 Ag–AgCl electrodes 

according to the International 10–20 system. In addition, activity from the left and right 

mastoids and the sternum (ground electrode) was recorded. The EEG was sampled at a rate of 

500Hz (Refa amplifiers system, TMS international, Enschede, NL) and an anti-aliasing filter 

of 135Hz was applied. To control for eye movements, vertical and horizontal 

electrooculograms (EOG) were recorded bipolarly. The impedance of all electrodes was kept 

below 5 kΩ. The recordings were on-line referenced to the left mastoid. EEP (v.3.2.1, Max-

Planck-Institute of Cognitive Neuroscience, Leipzig, Germany) was used to process the data.  

The EEG data were filtered with a 0.3-15Hz bandpass filter (1601 Hamming windowed filter) 

and re-referenced to linked mastoids. ERPs were time-locked to the stimulus onset of all 

critical trials. Each analyzed epoch was 600ms long, including a 100ms pre-stimulus 

baseline. As we tested standard and deviants sounds in two different frequencies, we 

statistically compared whether deviants and standards of different frequencies led to 

significant differences. However, we found that the deviants of 680Hz and 1000Hz did not 

differ significantly with respect to any of the critical ERP component analyses. This was also 

the case when comparing standards of 680Hz and 1000Hz. Thus, ERPs were averaged across 

frequencies of sound types (i.e., deviants: 680Hz and 1000Hz; standards: 680Hz and 

1000Hz). The critical epochs were automatically scanned to reject muscle artifacts and 

electrode drifts. Trials exceeding 30µV at the eye channels and 40µV at CZ were rejected. 

Furthermore, we applied a manual correction of horizontal and vertical eye-movements that 

allowed reducing the amount of rejected trials to a minimum. This ensured that no participant 

lost more than 10% of the trials per condition and frequency (i.e., deviants 680Hz: 9.2%; 

deviants 1000Hz: 8.4%; standards 680Hz: 9.1%; standards 1000Hz: 8.9%) 
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Motor activity was controlled for by computing a difference-wave (labeled auditory-motor-

corrected condition; ACC) between the AMC and MOC. Thus, MOC was subtracted from 

AMC to remove the motor activity. The motor controlled ACC was used for all statistical 

analyses. In ACC we investigated self-generated standard and deviant sounds and in the AOC 

we subsequently examined externally presented standard and deviant sounds. Trials with 

tapping intervals shorter than 1.8s or longer than 3.0s were treated as errors (see Knolle et al., 

2012 for detailed description), and excluded from further EEG analysis. For each participant, 

we assessed the mean length of the tapped interval per condition and the overall correctness 

of their tapping performance.  

The SAS 8.20.20 (Statistical Analysis System, SAS Institute Inc., Cary, North Carolina, 

USA) software package was used for statistical analysis. The group-averaged ERPs were 

generated for individual waveforms for each sound type. Visual inspection of the difference 

waves of standard sounds revealed two effects: one negative component with a peak latency 

of around 100ms, followed by a positive component peaking at around 200ms. For deviant 

sounds, the difference wave also revealed N100 and P200 components, and an additional 

positivity in the P3a time window. Furthermore, a negative-going deflection was detected in 

the time window of the N2b. Statistical analyses were calculated, based on individual 

amplitudes, in the time windows of 70-110ms for the N100, 170-210ms for the P200, 150-

190ms for the N2b and 260-360ms for the P3a. Furthermore, we applied a regions of interest 

(roi) analysis using five rois (central (ZZ): mean of FZ, CZ, PZ, FCZ, CPZ; left lateral (LL): 

mean of F7, T7, P7, FT7, TP7; left medial (LM): mean of F3, C3, P3, FC3, CP3; right lateral 

(RL): mean of F8, T8, P8, FT8, TP8; right medial (RM): mean of F4, C4, P4, FC4, CP4). For 

the statistical analyses, we ran a repeated measures three-way analysis of variance (ANOVA) 

using the within-subject factors CONDITION (self-generated vs. external sounds), TYPE 

(standard vs. deviant) and ROI (LL, LM, RM, RL, ZZ). Interactions revealing an estimated 

epsilon (ε) of less than 0.75 were Greenhouse–Geisser corrected.  

 

3.1.3 Results 

3.1.3.1 Behavioral data 

In the AMC, the average tapping interval was 2321.51ms (SD: 238.91ms). Participants 

tapped with an overall correctness of 91.97% (SD: 6.69%). The Kolmogorov-Smirnov-Test 
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revealed a normal distribution (p = .79). In the MOC, tapping intervals had a similar duration 

with an average length of 2479.84ms (SD: 269.59ms). Participants’ accuracy was 87.77% 

(SD: 18.41%; normal distribution: p = .18). 

3.1.3.2 ERP Data  

Thestatistical analysis of the N100 time window did not reveal a main effect of condition, but 

an interaction of condition and roi (CONDITION x ROI F(4,60) = 6.50, p = .008). The N100-

suppression effect was most prominent in the central region (ZZ: CONDITION F(1,15) = 

4.54, p = .05). Furthermore, there was a significant main effect for sound types (TYPE 

F(1,15) = 12.34, p = .004). Lastly, the results reveal significant interaction of condition and 

type (CONDITION x TYPE F(4,60) = 7.14, p = .03), as well as a marginally significant 

three-way interaction of condition, type and roi (CONDITION x TYPE x ROI F(4,60) = 3.34, 

p = .08). In a post-hoc analysis we investigated the condition effect by sound type as we 

expected differences in the N100 suppression effect: Standard sounds (Figure 8A) confirmed 

a significant centrally distributes suppression effect in response to self-generated sounds as 

shown by interaction of condition and roi (CONDITION x ROI F(4,60) = 9.41, p = .002; ZZ: 

CONDITION F(1,15) = 5.02, p = .04). A slightly weaker, but still significant centrally 

distributed suppression effect was found in response to self-generated deviants (CONDITION 

x ROI F(4,60) = 5.24, p = .02; ZZ: CONDITION F(1,15) = 3.55, p = .05; Figure 8B). 

Furthermore, we investigated the type effect by condition, which revealed that the N100-

suppression was significantly reduced in response to self-generated deviant sounds compared 

to self-generated standard sounds (TYPE F(1,15) = 6.40; p = .03; self-generated sounds: 

standard sounds: ACC mean: -2.50 µV; deviant sounds: ACC mean: -2.87 µV; Figure 8B). 

No such effect was found for externally-generated standards and deviants (externally-

generated sounds: standard sounds: AOC mean: -3.09 µV; deviant sounds: AOC mean: -3.11 

µV; Figure 9A). In order to investigate whether the suppression effect is significant when 

comparing deviants and standards, we investigated differences waves (i.e., standards: AOC-

ACC; deviants: AOC-ACC). Difference waves differed for both sound types (DIFF-TYPE 

F(1,15) = 3.98, p = .04; difference wave standard sounds: amplitude mean: -.59 µV; 

difference wave deviant sounds: amplitude mean: -.24 µV), supporting the finding of a 

reduced suppression effect in response to self-generated deviants. In summary, an N100-

suppression effect is elicited in response to self-induced standard and deviant sounds, with a 

stronger suppression effect in response to standard self-generated sounds. 
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the P200 time window, we found significant main effects and interactions revealing a 

significant difference between conditions and sound types (CONDITION F(1,15) = 23.37; p 

= .0004; CONDITION x ROI F(4,60) = 7.64, p = .006; TYPE F(1,15) = 7.74; p = .02; a trend 

towards significance was found for the interaction of TYPE x ROI F(4,60) = 2.88, p = .07; 

and for the interaction of CONDITION x TYPE F(2,30) = 3.77, p = .07) that indicated a 

P200 amplitude reduction in response to self-generated sounds. In a post-hoc analysis, we 

investigated the condition effect by sound type. The analysis of standard sounds confirmed a 

significant amplitude reduction (CONDITION F(1,15) = 23.84, p = .0004) in response to the 

self-generated sounds (standards: ACC mean: 1.09µV; AOC mean: 3.67µV; Figure 8A). In 

response to externally-generated deviants, we found a well pronounced P200 (AOC mean: 

2.48µV) that was not significantly different from the externally-generated standard (Figure 

9A).  

In summary, the results reveal a significant P200-reduction in response to self-generated 

standard sounds compared to externally-generated standards. Furthermore, externally-

generated deviants and standards elicited a similar P200 response. 

In the time window of the N2b, an ANOVA including the factors condition, type and roi 

revealed significant main effects of condition and type (CONDITION F(1,15) = 16.05, p = 

.002; TYPE F(1,15) = 16.84, p = .002). Furthermore, we found significant interactions of 

type and roi (TYPE x ROI F(4,60) = 15.24, p < .0001), condition and roi (CONDITION x 

ROI F(4,60) = 8.82, p = .006), condition and type (CONDITION x TYPE F(2,30) = 9.03, p = 

.01), as well as a three-way interaction of (CONDITION x TYPE x ROI F(8, 120) = 6.57, p = 

.006). As we expected that this effect was only present in deviant sounds (Figure 8B), we 

analyzed type effect by condition. In response to self-generated standards and deviants, we 

found a significant difference between sound types (TYPE F(1,15) = 21.96, p = .0005; TYPE 

x ROI F(4,60) = 19.37, p < .0001), revealing a greatly enhanced N2b in response to self-

generated deviants (standard sounds: ACC mean: 1.49 µV; deviant sounds: ACC mean: -.007 

µV). In response to externally-generated standards and deviants, no significant difference was 

found (standard sounds: AOC mean: 3.03 µV; deviant sounds: AOC mean: 2.88 µV; Figure 

9A). In summary, only self-generated deviant sounds elicited a significant N2b effect. 
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Figure 8 Standard and deviant sounds. 
A) Brain responses elicited by self-generated (motor activity removed) and externally-
generated standard sounds in the central region. The blue solid line represents externally-
generated standard sounds, whereas the red solid line shows responses elicited by self-
generated standard sounds. The blue and red shading represents the standard error of the 
averaged ERPs. The brain maps show the distribution of the effect (externally-generated 
minus self-generated sounds). B) Brain responses elicited by self-generated (motor activity 
removed) and externally-generated deviant sounds also in the central region. The blue solid 
line shows externally-generated standard sounds, and the red solid line shows responses to 
self-generated deviant sounds. The brain maps show the distribution of the effect (externally-
generated minus self-generated sounds). Gray bars reflect analyzed time windows of the 
ERPs. 
 

In the P3a time window, statistical analysis revealed a significant main effect for sound types, 

revealing a significant difference between standard and deviant sounds (TYPE F(1,15) = 

168.69; p < .0001; TYPE x ROI F(4,60) = 31.41, p < .0001). The results indicate that only 

deviants elicited a P3a effect. Furthermore, we found a significant interaction between sound 

types and conditions (CONDITION x TYPE F(2,30) = 8.33; p = .01) supporting the notion 

that standards and deviants are processed differently in the self- and externally generated 

sound conditions. Analyzing the condition effect by sound types (see Figure 8), we found that 

deviant sounds showed a significant difference between conditions (CONDITION: F(1,15) = 

6.17; p = .03). The result revealed a significantly enhanced P3a effect in response to self-

generated deviant sounds (ACC mean: 3.65µV, AOC mean: 2.41µV; Figure 8B). Self- and 

externally-generated standard sounds did not elicit such an effect (ACC mean: 0.93µV, AOC 
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mean: 0.79µV; Figure 8A). In conclusion, the results show a significant P3a effect elicited by 

deviant sounds; this effect was greater in response to self-generated deviant sounds compared 

to externally-generated deviants. 

 

Figure 9 Externally-generated and self-initiated sounds. 
A) Brain responses elicited by externally-generated standard and deviant sounds in the 
central region. The blue solid line represents externally-generated standard sounds, whereas 
the red solid line shows responses elicited by externally-generated deviant sounds. Again, the 
brain maps show the distribution of the effect (deviants minus standards). B) Brain responses 
elicited by self-generated standard and deviant sounds (motor activity removed) also in the 
central region. The blue solid line shows self-generated standard sounds, and the red solid 
line shows responses to self-generated deviant sounds. Again, the brain maps show the 
distribution of the effect (deviants minus standards). Gray bars reflect analyzed time windows 
of the ERPs. 
 
 
3.1.4 Discussion 

In the current study we aimed to (1) investigate the specificity of predictions; and (2) explore 

how prediction errors (i.e., less specific predictions) are reflected in the ERP components. We 

utilized the well-established N100-suppression paradigm, comparing self-generated and 

externally-generated standard sounds and added sounds that were manipulated in frequency 

(standard sound: 680Hz; deviant sound: 1000Hz; and vice versa), to induce predictions 

errors. Standard sounds reliably elicited a suppression effect in the N100 and the P200 in 

response to self-generated sounds. Self-generated deviant sounds also elicited a N100 

suppression effect. Albeit this effect is smaller than the effect induced by self-generated 

standard sounds. Interestingly, the visual inspection of the ERPs in response to the self-
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generated deviants showed a small positive deflection following the N100. However, this 

possible P200 component was overlaid by an N2b that was elicited in the time window of the 

P200 that may extend the P200 towards the P3a. Due to an overlay of components, we 

refrained from statistically assessing the P200 component in response to self-generated 

deviant sounds. Furthermore, self-generated deviant sounds elicited an enhanced N2b and 

P3a compared to externally-generated deviants.  

Self-generated standard sounds elicited a significant N100-suppression effect followed by a 

significant P200-reduction when compared to externally-generated sounds. These results 

confirm that specific predictions about sound quality are generated in response to self-

generated sounds and replicate previous results (e.g., Baess et al., 2011; Chen et al., 2012; 

Knolle et al., 2012; Schäfer & Marcus, 1973; Sowman et al., 2012). The N100-suppression 

effect is in line with an internal forward model (Wolpert et al., 1998). A forward model is 

generated when a sound is self-produced; the resulting prediction is generated to prepare the 

auditory cortex to receive the sensory input. Consequently, less cortical activation is required 

to process an expected sensation (Chen et al., 2011; Creutzfeldt et al., 1989). Furthermore, we 

hypothesized that a P200-reduction in response to self-generated sounds would reflect a 

conscious detection of this sound. Even though the literature on the auditory P200 is sparse 

(for review see Crowley & Colrain, 2004), it has been suggested that a P200-reduction 

reflects the conscious processing of an attended auditory stimulus (De Chicchis et al., 2002; 

Crowley & Colrain, 2004) and may reflect differences in the integrative processing of 

successive auditory events (Minati et al., 2010). The modulation of the P200 depends on the 

context, in which a sound is presented. Minati et al. (2010) report that sounds occurring 

within a melody elicit a reduced P200 compared to sounds occurring in a randomly-generated 

sound sequence (Minati et al., 2010). This is consistent with our finding as both self-

generated sounds and sounds occurring in a melody are highly predictable, and both sound 

types elicit a reduced P200.  

Behroozmand et al. (2011) reported a gradual enhancement of the P200 amplitude relative to 

an increasing delay of pitch-shifted vocal feedback. When feedback is altered, they find 

larger P200 amplitudes in the active vocalization condition compared to the passive listening 

condition, whereas a P200-reduction is detected in response to unaltered self-produced 

speech compared to recorded speech. Behroozmand et al. (2011) concluded that the P200 

increase shows that the forward model increases the auditory activity in response to altered 
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auditory feedback, which may be relevant for the accurate detection and the correction of 

perturbations during speaking. This finding supports the interpretation proposed above. 

However, the findings concerning the P200 in studies comparing self- and externally-

generated auditory stimuli are inconsistent. Although, the seminal study by Schäfer and 

Marcus (1973) as well as other studies (e.g., Chen et al., 2012; Ford et al., 2001, 2007; Knolle 

et al., 2012; Sowman et al., 2012) find a P200-reduction in response to self-generated sounds, 

other studies do not report such results (e.g., Baess et al., 2008; Martikainen et al., 2005).  

Interestingly, self-generated deviant sounds, which create prediction errors, elicited a 

different ERP pattern. In response to self-generated deviants, the N100-suppression effect 

was less pronounced than in the case of self-generated standard sounds indicating that the 

degree of suppression relates to the degree of prediction specificity. In general, deviant 

sounds elicit an enhanced N100 response (Näätänen, 1990). Thus, the reduction of the 

suppression effect elicited by deviant stimuli could be due to an increase in the N100 

amplitude in response to a self-generated deviant sound. The reduced N100-suppression 

effect in response to self-generated deviant sounds is comparable to findings on altered 

auditory feedback (Behroozmand & Larson, 2011; Heinks-Maldonado et al., 2005) that 

showed a reduced suppression effect in response to altered auditory feedback. Therefore, a 

modulation of the suppression effect can be seen as a consequence of a prediction error, i.e., a 

mismatch between the predicted consequences of a sensation and the actual sensation of 

altered vocalizations. In the case of vocalizations, the auditory cortex should require more 

activity to process a prediction error; hence the activity is less suppressed. 

Baess et al. (2008) reported the strongest N100-suppression effect when both frequency and 

tonal onset of sinusoidal sounds were predictable compared to unpredictable sounds. 

However, the authors argued that the forward model tolerates uncertainty with respect to 

different stimulus features. As an extension we suggest that predictions in response to self-

generated sounds are generated as specifically as possible, including a concrete representation 

of the individual features (e.g., onset, frequency, temporal regularity, or agency). Thus, 

highly specific predictions reduce the level of uncertainty, creating the greatest benefit, as 

seen in a strong N100-suppression effect. Similarly, Bendixen et al. (2012), as well as Ford & 

Mathalon (2012) postulated that the reduced N100-suppression effect in response to altered 

vocal feedback (e.g. Behroozmand et al., 2011; Fu et al., 2006; Hashimoto & Sakai, 2003; 

Heinks-Maldonado et al., 2005; Hirano et al., 1997; McGuire et al., 1996), or in response to 
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modulated self-generated sounds (Baess et al., 2008), is a consequence of the violated 

specificity of the predictions. This suggests that the specificity of a prediction is inversely 

related to the level of uncertainty induced by a stimulus that is again inversely related to the 

amount of neuronal suppression. In other words, if we generate a specific prediction, the level 

of uncertainty is minimal, and so is the probability that a prediction error occurs. This leads to 

a strong suppression of neuronal activation (Creutzfeld et al., 1989, Chen et al., 2011).  

Interestingly, we also report an enhanced N2b effect in response to self-generated deviants 

that indicates the conscious detection of an altered stimulus (Horvath et al., 2008; Näätänen et 

al., 1982). As the N2b is enhanced in response to self-generated compared to externally-

generated deviants, the result shows that when a specific prediction is not fulfilled, the self-

generated deviant is more salient compared to an externally-generated deviant. The saliency 

of a self-generated deviant elicits an increased auditory responsiveness which may lead to 

more efficient processing of a self-generated deviant as more resources are activated. 

Supporting this argument, we found a P3a indicating the orienting of attention towards an 

unexpected, infrequent event (Linden, 2005; Polich, 2007; Snyder & Hillyard, 1976; Squires 

et al., 1975), which was enhanced in response to self-generated deviants. This result confirms 

that self-generated deviants, that create a prediction error, are more salient than externally-

generated deviants. A similar finding has been reported by Nittono and Ullsperger (2000), 

who also found an enhanced P300 response to self-triggered target and novel stimuli. 

Relatedly, it has been proposed that the P3a reflects attentional orienting in response to a 

salient stimulus (Katayama & Polich, 1998; Putman & Roth, 1987; Roth & Kopell, 1973) that 

increases with saliency (Ford et al., 2010; Nittono, 2006). Also, in other studies that 

manipulated the degree of prediction specificity (Baess et al. 2008; Behroozmand et al., 

2011) a similar effect in the P3a time window is detectable, but this effect was not further 

considered. However, we would like to argue that the P3a is a reliable response to self- and 

externally-generated deviant sensations. 

Hence, our results clearly show that generating a specific prediction with regard to self-

produced sounds creates a processing advantage as evidenced in reduced brain activity (Chen 

et al., 2011; Creutzfeldt et al., 1989) directed towards these sounds (i.e., the N100-

suppression), as well as in a more efficient processing of deviants in the case of a prediction 

error (i.e., enhanced N2b and P3a). The modulation of the N100-suppression effect as well as 

the enhanced N2b and P3a in response to self-generated deviants shows that a specific 
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forward prediction is generated. Thus, the current finding eliminates the possibility that the 

suppression effect simply reflects an action-stimulus contiguity (Horvath et al., 2012). The 

action-stimulus contingency hypothesis suggests that the N100- and P200-suppression effect 

does not reflect the generation of a prediction, but rather a coinciding button press (i.e., 

action) and sound (i.e., stimulus). However, the present study does not only reveal a N100-

and P200-reduction, but also an enhanced N2b and P3a in response to self-generated 

deviants, indicating the violation of a specific prediction.   

In conclusion, the current study investigated (1) the violation of a specific prediction 

regarding self-generated sounds, and (2) the reflection of such a prediction error in the ERP: 

The results reveal that specific predictions concerning the acoustic features of a self-

generated sound are generated (i.e., modulated N100 suppression). Thus, the forward model 

allows an enhancement of “auditory responsiveness” (i.e., an increase in amplitude as seen in 

N2b and P3a) towards a self-generated deviant stimulus that may lead to improved 

processing of such stimulus perturbations. This, in turn, increases the saliency of self-

generated deviant sounds leading to more efficient processing compared to externally-

generated deviants. Taken together, the current study provides a more complete picture 

concerning auditory forward prediction and prediction errors with respect to self-generated 

sounds.  
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3.2 Auditory predictions and prediction errors in response to 

self-initiated vowels
3
  

Abstract 

It has been suggested that speech production is accomplished by an internal forward model, 

reducing the processing activity directed to self-produced speech in the auditory cortex. The 

current study uses an established N100-suppression paradigm comparing self- and externally-

initiated natural speech sounds (i.e., pre-recorded vowels) to answer two questions: Are 

forward predictions generated to process self-initiated vowels? Do predictions consist of a 

specific representation of the anticipated vowel? Results confirm an N100-suppression in 

response to self-initiated vowels confirming the successful generation of a prediction. These 

predictions are specific as the N100-suppression is reduced in response to deviant vowels. In 

addition, self-initiated deviant vowels elicit an enhanced N2b and P3a compared to 

externally-produced deviants. The results show that prediction errors are more salient in self-

initiated stimuli, possibly leading to more efficient error correction.  

 

3.2.1 Introduction 

Speaking is a highly complex human capacity: it does not only involve a motor act, but also 

leads to the perception and monitoring of one’s own voice. Consequently, self-produced 

speech needs to be distinguished from externally-produced input. Research suggests that such 

a distinction is accomplished by a “motor-to-sensory discharge” (Paus et al., 1996) or an 

internal forward model (Ventura et al., 2009). The internal forward model generates an 

efference copy (von Holst & Mittelstädt, 1950) of a motor act, which predicts its sensory 

consequences (Wolpert et al., 1995). The prediction prepares a respective cortical area to 

receive the predicted sensory input. Consequently, brain activity directed to incoming 

sensation is suppressed (Chen et al, 2011). 

Interestingly, the suppression effect has been reported in many vocalization studies. It was 

                                                           
3 This study is based on the article: Knolle, F., Schröger, E., Kotz, S.A. (in prep. a). Auditory predictions and 

prediction errors in response to self-initiated vowels.  
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shown that speech production elicits smaller ERPs or ERFs than passively perceived speech 

(Curio et al., 2000; Ford, et al., 2007b; Gunji et al., 2001; Numminen & Curio, 1999; 

Numminen et al., 1999; Ventura et al., 2009). Based on animal studies (Eliades & Wang, 

2003; Müller-Preuss & Ploog, 1981), Creutzfeldt et al. (1989) recorded intracranial neuronal 

activity from the right and left superior, middle and inferior temporal gyri in patients 

undergoing surgery for epilepsy. Results revealed suppressed activity in response to 

vocalization. Using a very similar setup, Chen et al. (2011) reported neural phase synchrony 

in the gamma band between Broca’s area and the auditory cortex. This synchrony that 

preceded a speaker’s speech onset was greater during vocalizing than when listening to their 

own speech passively (i.e., pre-recorded), indicating that phase synchrony in the gamma band 

between the two brain areas may describe the transmission of a motor efference copy.  

In a PET-study, Hirano and colleagues (1996, 1997) found strong cerebellar activation when 

investigating self-produced speech that was either normal or distorted (i.e., delayed or 

changed in pitch), possibly indicating the role of the cerebellum in generating internal 

predictions. Along similar lines, we hypothesized that based on the efference copy of the 

motor command the cerebellum forms a prediction, which is transmitted to the auditory 

cortex to prepare this area for the expected auditory input. Addressing this issue, we have 

recently shown that the cerebellum generates motor-to-auditory predictions when processing 

self-initiated sounds (Knolle et al., 2012; Knolle et al., in revision). We utilized a N100-

suppression paradigm (Schäfer & Marcus, 1973) to compare self-initiated (via finger tap) 

with externally-generated sinusoidal tones. We found that patients with focal cerebellar 

lesions did not show a significant N100-suppression effect in response to self-initiated 

sounds. This indicates that the cerebellum is involved in generating auditory forward 

predictions.  

In a recent study (Knolle et al., in review), we compared self- and externally-generated 

sounds including 30% unexpected deviant sounds (i.e., sounds altered in frequency). We 

speculated that specific predictions are generated in response to sinusoidal tones. The results 

confirmed the hypothesis revealing a modulated N100-suppression effect in response to self-

initiated deviants. Furthermore, self-initiated deviants elicited an enhanced N2b and P3a 

compared to externally-produced deviants, indicating the saliency of prediction errors in 

response to self-initiated deviants. Based on this study the question arose, if specific 

predictions are generated in response to complex auditory stimuli, such as speech sounds. 
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Although former studies on natural and altered vocalizations (Behroozmand et al., 2009, 

2011; Christoffels et al., 2011; Fu et al., 2006) suggest that this is indeed the case. They 

reported a reduced N100-suppression effect in response to altered compared to unchanged 

vocal feedback, indicating the generation of a specific prediction. Although, altered auditory 

feedback creates prediction errors, these studies have neither presented results possibly 

showing the detection of deviance (i.e., altered auditory feedback), nor have they discussed 

feedback alterations in terms of prediction errors. Another limitation of these studies is that 

they do not control for motor activity induced by vocalization. Nevertheless, these findings 

provide support that the concept of specific forward prediction may also be applicable to 

complex auditory stimuli.  

In contrast to previous studies, the current study investigated whether specific forward 

predictions are generated in response to complex, natural sounds (i.e., speech sounds), and 

whether the generation of a specific prediction leads to differential processing of self- 

compared to externally-produced complex deviant stimuli. In a first experiment, a standard 

N100-suppression paradigm was used which has been studied extensively using sinusoidal 

sounds (Baess et al., 2008; Baess et al., 2011; Hazemann et al., 1975; Knolle et al., 2012; 

Martikainen et al., 2005 (MEG); McCarthy & Donchin, 1976; Schäfer & Marcus, 1973). 

Here, we compared complex, natural vowels that are self-initiated via a finger tap to the same 

vowels, externally-produced. For each participant we individually pre-recorded vowels (i.e., 

/a:/),which were then used as the self- and externally-generated auditory stimuli. This first 

experiment examined whether the N100-suppression paradigm was applicable to complex 

stimuli, such as speech sounds. If so, this would suggest that an internal forward model is 

also valid to investigate complex, natural speech sounds. This aspect is especially interesting, 

as this paradigm provides a highly controlled setup when studying complex processes such as 

speech production. Thus, based on our preceding studies (Knolle et al., 2012; Knolle et al., in 

revision) investigating sinusoidal tones in a N100-suppression paradigm, we expected to find 

a N100-suppression followed by a P200-reduction in response to self-initiated vowels. 

Whereas the N100-suppression may reflect the unconscious, automatic formation of a 

prediction, preparing the auditory cortex to receive sensory input, the P200-reduction may 

reveal a later, more conscious processing stage of the generation of a prediction (i.e., the 

conscious detection of a self-initiated vowel).  
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In a second experiment, we then aimed to answer the question whether a specific auditory 

prediction is generated in response to self-initiated vowels; in other words, whether the 

prediction holds a concrete representation, including information of specific features of an 

upcoming vowel. To address this second question, we modulated the N100-suppression 

paradigm of experiment one, by comparing self-initiated and externally-produced natural 

vowels, of which 30% were altered in quality (either /a:/ which is an open front unrounded 

vowel, or /o:/ which is a mid-close back rounded vowel), creating self-initiated and 

externally-produced deviants (Knolle et al., in review). If specific forward predictions are 

generated to process self-initiated vowels, the N100-suppression effect should be modulated 

when a self-initiated deviant vowel is elicited. Furthermore, this setup allows investigating 

whether self-initiated deviant vowels – thus complex stimuli that create a prediction error – 

are more salient than externally-produced deviant vowels (Knolle et al., in review). This 

notion is based on a recent passive listening study, which revealed that deviant sounds (i.e., 

sounds that were generated at a different location) compared to standard sounds elicited a 

MMN and an enhanced Na of the MLR, revealing rapid deviance detection (Grimm et al., 

2012), as well as on our recent results (Knolle et al., in review) showing that self-produced 

deviants are more salient than externally-produced deviants by revealing an enhanced N2b 

and P3a.  

In the second experiment, we also predicted a N100-suppression effect in response to 

standard and deviant vowels as a consequence of successful prediction generation. However, 

we expected that the suppression effect would be modulated in response to self-initiated 

deviant vowels, revealing the violation of a specific prediction (Knolle et al., in review). 

Furthermore, we expect to find a P200-reduction in response to self-initiated standard vowels 

reflecting different stages of the prediction formation. However, the P200-reduction in 

response to self-initiated deviant vowels may be overlaid by following deviance detection 

components (Knolle et al., in review). Thus, we further expected to find an N2b in response 

to deviant detection (Horváth et al., 2008; Näätänen et al., 1982; Ritter et al., 1992) and a 

P3a, reflecting attentional reorienting towards an unexpected stimulus (Linden, 2005; Polich, 

2007; Snyder & Hillyard, 1976) in response to both self- and externally-generated deviant 

vowels. However, we also predicted that the N2b and the P3a are enhanced in response to 

self-initiated deviant vowels compared to externally-produced deviants (Knolle et al., in 

review), showing increased saliency of self-initiated prediction errors (Ford et al., 2010; 
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Nittono, 2006; Nittono & Ullsperger, 2000). These results would provide additional support 

for the generation of a specific prediction, which impacts the neural suppression and the 

detection of prediction errors (Knolle et al., in review). Furthermore, such findings would 

indicate that the generation of predictions and the detection of prediction errors occurs 

independently of stimulus complexity. 

 

3.2.2 Methods 

3.2.2.1 Participants 

Sixteen volunteers (8 females) participated in the current study. All participants were right-

handed according to the Edinburgh Handedness Inventory (Oldfield, 1971). The mean age 

was 24.9 years (SD: 1.8 years) and ranged from 23 to 27 years. Participants were students of 

the University of Leipzig and were recruited via the participants’ database of the Max-Planck 

Institute for Human Cognitive and Brain Sciences, Leipzig, Germany. None of the 

participants reported any neurological dysfunction, but normal or corrected-to-normal visual 

acuity, and normal hearing. All participants gave their written informed consent and were 

paid for their participation. The study was conducted in accordance with the Declaration of 

Helsinki and approved by the Ethics Committee of the Leipzig University. 

3.2.2.2 Speech Stimuli 

In order to obtain individual vowels, we recorded vowel samples from all participants using 

the program AlgoRec™ TerraTec Edition. Thus, throughout the experiment each participant 

listened to the vowels that they had previously produced. We asked the participants to 

produce “ah” and “oh” as in the German words /a:b / (aber; engl. but) and /o:b / (Ober; engl. 

waiter). We recorded 20 vowels per participant. Using Praat 5.2.03 (1992-2010 by Paul 

Boersma and David Weenink; University of Amsterdam, Amsterdam, NL) we applied 

minimal normalization procedures to duration, intensity and pitch to maintain natural sound 

quality. The vowel duration of /a:/ was approximately 360.69 ms (SD: 65.66 ms), pitch 

around 77.44 Hz (SD: 3.80 Hz), and intensity around 153.16 dB (SD: 47.74 dB). The vowel 

/o:/ had an average duration of 366.31 ms (SD: 77.75 ms), average pitch of 80.76 Hz (SD: 

3.84 Hz), and average intensity of 164.37 dB (SD: 48.83 dB). The statistical analysis 

confirmed that vowels did not differ in terms of the acoustic parameters. 
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3.2.2.3 Experimental conditions – Experiment 1  

The first experiment contained two experimental conditions and one control condition 

(Figure 10, white background). In the vowel-motor condition (VMC-1) participants induced 

finger taps about every 2.4 s (see Knolle et al., 2012 for a detailed description of the 

paradigm). Each tap elicited an immediate presentation of the vowel /a:/ (delay of 2-4 ms due 

to the loading of the stimuli) via headphones. The acoustic stimulation, including self-

initiated vowels, was recorded online and used as an 'external vowel sequence' in the vowel-

only condition (VOC-1). During VOC-1 participants did not produce finger taps, but were 

simply asked to listen and attend to the vowels. Lastly, participants carried out a motor-only 

condition (MOC), in which they also performed self-paced finger taps every 2.4 s. However, 

in contrast to VMC-1, no sound was induced via the finger tap. This condition controlled for 

motor activity in VMC-1. 

 

Figure 10 Schematic illustration of the three conditions of Experiment 1 and 2. 
A) Vowel-motor condition (VMC): In Experiment 1 (white background) a vowel is self-
initiated via a finger tap. In Experiment 2 (grey background), a vowel is also elicited via a 
finger tap. However, 30% of the finger taps elicit a deviant vowel. This vowel sequence is 
recorded online. B) Vowel-only condition (VOC): The vowel sequence is presented 
externally, containing all vowels from VMC respectively for Experiment 1 and 2. C) Motor-
only control condition (MOC): Taps are required, but no stimulus is elicited 
 



Studies: A cerebellar forward model of auditory processing 59 

 

 

3.2.2.4 Experimental conditions – Experiment 2 

In experiment 2, two experimental and one control condition were presented (Figure 10, grey 

background). In the vowel-motor condition (VMC-2) participants induced finger taps about 

every 2.4 s. Each tap elicited an immediate presentation of either the vowel /a:/ or /o:/ via 

headphones. In 30% of the taps a deviant that was either the vowel /o:/ or the vowel /a:/ was 

presented (matching the standard vowel type). The acoustic stimulation was recorded online 

and was used as an 'external vowel sequence' in the vowel-only condition (VOC-2). Thus, 

participants received exactly the same set of stimuli in both experimental conditions. During 

VOC-2 participants did not produce finger taps, but were simply asked to listen attentively to 

the auditory stimuli. As in experiment 1 MOC served as a control condition for motor activity 

in VMC-2.  

Both experimental runs were preceded by two training blocks each. In the first block, 

participants practiced to tap every 2.4 s. The second training block included visual feedback 

to indicate whether a trial was too slow (tapping interval longer than 3 s) or too fast (tapping 

interval shorter than 1.8 s). The feedback ensured that participants had learned to estimate the 

time between two successive finger taps without counting. Trials outside the range of 1.8 s – 

2.4 s were treated as errors. During the experimental run, no feedback was given.  

3.2.2.5 Experimental procedure 

Participants were comfortably seated in an electrically shielded and sound-attenuated 

experimental chamber. A fixation cross was displayed in the middle of a computer screen. To 

ensure that the motor activity was comparable across participants in the auditory-motor and 

the motor-only condition, they were instructed to change hands (index finger) when ever 

indicated on the screen. Hence all participants tapped in equal parts with left and right hand. 

The order of tapping hands was randomized across participants. Each tap triggered the 

instantaneous presentation of a vowel via headphones (Sennheiser HD 202) to both ears in 

VMC-1/2 and VOC-1/2. An in-house built, highly sensitive tapping device was used to 

record the finger taps. No measurable sound was emitted by the taps. In the second 

experiment, the participants performed a combination of VMC-2 and VOC-2: during one run 

the standard vowel that was triggered via a tap was the vowel /a:/ and the deviant was the 

vowel /o:/. In the other run, the allocation of standard and deviant vowel was a reversed. The 

first experiment consisted of 100 trials in each condition. Additionally, we collected 100 
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trials in MOC. In the second experiment, we recorded 200 trials in each the VMC-2 and 

VOC-2 with 70% /a:/ as standard and 30% /o:/ as deviant and vice versa. In total, 700 trials 

were recorded in both experiments. Experimental conditions were presented in blocks of 100 

trials each. Block order was restricted: The VMC-1/2 always preceded VOC-1/2, but the 

MOC was randomized across participants. 

3.2.2.6 Electrophysiological recordings 

EEG was recorded continuously from 59 Ag–AgCl electrodes according to the International 

10–20 system. In addition, activity from the left and right mastoids and the sternum (ground 

electrode) was recorded. The EEG was sampled at a rate of 500Hz (Refa amplifiers system, 

TMS international, Enschede, NL) and an anti-aliasing filter of 135 Hz was applied. To 

control for eye movements, vertical and horizontal EOG were recorded bipolarly. The 

impedance of all electrodes was kept below 5 kΩ. The recordings were online referenced to 

the left mastoid. EEP 3.2.1 Max-Planck-Institute of Cognitive Neuroscience, Leipzig, 

Germany was used to process the data. 

3.2.2.7 Data Analysis – Behavioral Data 

Tapping intervals shorter than 1.8 s or longer than 3.0 s were treated as errors, and were 

excluded from further EEG analysis. We acquired tapping intervals for VMC-1/2 and MOC 

using the Presentation software (Neurobehavioral Systems, Inc., Albany, CA, USA). For each 

participant we generated the mean length of the tapped interval per condition and the overall 

performance accuracy (percent correct; ACCURACY) separately for VMC-1/2 and MOC.  

3.2.2.8 Data Analysis – EEG Data 

The EEG data were filtered with a 0.3-15 Hz bandpass filter (1601 Hamming windowed 

filter). The EEG data were re-referenced to linked mastoids. ERPs were time-locked to the 

stimulus onset of all critical trials. Each analyzed epoch lasted 600 ms including a 100 ms 

pre-stimulus baseline. The critical epochs were automatically scanned to reject horizontal and 

vertical eye-movements, muscle artifacts, and electrode drifts. Trials exceeding 30 µV at the 

eye channels and 40 µV at CZ were rejected. This automatic rejection was corrected 

manually by applying an eye-movement correction. 
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We controlled for motor activity by computing a difference-wave between VMC-1/2 and 

MOC to compare the sensory activity elicited in the two experimental conditions. This 

corrected condition was labeled vowel-corrected condition (VCC-1, VCC-2). In the first 

experiment, we only compared fully predictable self-initiated and externally-produced vowels 

(i.e., /a:/). In the second experiment, we investigate two types of self-initiated vowels – 

standard (VCS-2) and deviant (VCD-2) vowels, as well as two types of externally-produced 

vowels – self-initiated standard and deviant vowels (VOS-2; VOD-2). As the statistical 

analysis of the ERP-results in response to standard vowel /a:/ and standard vowel /o:/ as well 

as to deviant vowel /a:/ and deviant vowel /o:/ did not differ significantly, we combined the 

standard vowels /a:/ and /o:/ as well as deviant vowel /a:/ and /o:/ for all further, statistical 

analyses.  

Group-average ERPs were generated for standards and deviants. In the first experiment, the 

difference waves revealed two ERP responses, one negative effect in the time window of the 

N100 peaking at approximately 95 ms, and a positive response in the P200 time window 

peaking at approx. 180 ms. Statistical analyses were calculated, based on individual 

amplitudes, in the time windows of 75-115 ms for the N100 and 160-200 ms for the P200. In 

experiment 2, difference waves revealed two ERP responses for standard vowels: one 

negative component in the N100 time window, peaking at approx. 90 ms followed by a 

positive component in the P200 time window peaking at approx. 190 ms; and four 

components in response to deviant vowels: a N100 and P200, as well as an N2b peaking at 

approx. 160 ms and a later positive component in the time window of the P3a peaking at 

approx. 300ms. Statistical analyses were calculated based on individual amplitudes in the 

following time windows: 70-110 ms for the N100, 140-180 ms for the N2b, 170-210 ms for 

the P200, and 280-380 ms for the P3a. Furthermore, we applied a regions of interest (ROI) 

analysis using five ROIs (ZZ: FZ, CZ, PZ, FCZ, CPZ; LL: F7, T7, P7, FT7, TP7; LM: F3, 

C3, P3, FC3, CP3; RL: F8, T8, P8, FT8, TP8; RM: F4, C4, P4, FC4, CP4).  

3.2.2.9 Statistical analyses 

For the statistical analysis, the SAS 8.20.20 (Statistical Analysis System, SAS Institute Inc., 

Cary, North Carolina, USA) software package was used. Only significant results are 

presented and where required, the Greenhouse–Geisser correction was applied. 
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In the first experiment, comparing self-initiated /a:/-vowels to externally-produced /a:/-

vowels, we ran a repeated-measures analysis of variance (ANOVA) including the within-

subject factors CONDITION (self-initiated: VCC-1; externally-produced: VOC-1) and ROI 

(RL,RM, ZZ, LM, LL). For the statistical analyses of the ERP components in the second 

experiment, we ran several 2x2x5 ANOVAs using all within-subject factors, which were 

CONDITION (self-initiated: VCC-2; externally-produced: VOC-2), TYPE (standard vs. 

deviant) and ROI (LL, LM, RM, RL, ZZ).  

 

3.2.3 Results 

3.2.3.1 Behavioral data 

In the first experiment, the average tapping interval duration was 2469.79 ms (SD: 360.77 

ms) in VMC-1. Furthermore, participants tapped with an overall accuracy of 85.80% (SD: 

18.73%). The Kolmogorov-Smirnov-Test revealed a normal distribution (p = .18). In the 

second experiment, the results were similar. The average tapping interval was 2233.15 ms 

(SD: 257.43 ms) in VMC-2. Furthermore, participants tapped with an overall correctness of 

92.92% (SD: 6.06%). The Kolmogorov-Smirnov-Test revealed a normal distribution (p = 

.82). In MOC we found similar results, the average length of the tapping interval was 2388.94 

ms (SD: 267.44 ms). Participants performed with an overall accuracy of 93.25% (SD: 8.14%; 

normal distribution: p = .52). 

3.2.3.2 ERP Data – Experiment 1 

The ANOVA including CONDITION and ROI revealed a nicely pronounced N100 and P200 

effect. In the N100 time window (Figure 11), results confirmed significant differences 

between conditions (CONDITION F(1, 15) = 3.66, p = .05; CONDITION x ROI F(1, 4) = 

6.70, p = .006). The effect was most pronounced over central and medial ROIs (RM: 

CONDITION F(1,15) = 3.74, p = .07; ZZ: CONDITION F(1,15) = 6.88, p = .02). Statistics 

confirmed that self-initiated vowels elicited a N100-suppression compared to externally-

produced vowels (N100: mean amplitude VCC-1: -2.20 µV, mean amplitude VOC-1: -3.09 

µV).  

 



Studies: A cerebellar forward model of auditory processing 63 

 

 

In the P200 time window (Figure 11), we report a significant difference between conditions 

(CONDITION F(1,15) = 10.16, p = .008; CONDITION x ROI F(1,4) = 5.25, p = .01), with 

self-initiated vowels being significantly suppressed compared to externally-produced vowels 

(P200: mean amplitude VCC-1: 1.73 µV, mean amplitude VOC-1: 3.44 µV). The effect was 

globally distributed (RL: CONDITION F(1,15) = 10.23, p = .008; RM: CONDITION 

F(1,15) = 11.21, p = .006; ZZ: CONDITION F(1,15) = 9.42, p = .01; LM: CONDITION 

F(1,15) = 7.90, p = .02; LL: CONDITION F(1,15) = 4.31, p = .06). The experiment revealed 

the expected N100-suppression effect as well as a reduced P200 in response to self-initiated 

vowels.  

 

 

Figure 11 Experiment 1 – ERP-data and brain maps 
Brain responses elicited by self-initiated and externally-produced vowels in the central 
region. The blue solid line represents externally-produced vowels (VOC-1), whereas the red 
solid line shows responses elicited by self-initiated vowels (VCC-1). Brain maps: Grand 
average scalp maps showing the spatial distribution of the difference waves (VOC-1 – VCC-
1) in the analyzed N100 and P200 time window. 
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3.2.3.3 ERP Data – Experiment 2 

In the N100 time window, the ANOVA including CONDITION, TYPE and ROI revealed 

significant differences between conditions (CONDITION x ROI F(1, 4) = 4.36, p = .03), 

which was most prominent in the central region (ZZ: CONDITION F(1, 15) = 3.86, p = .04). 

Additionally, we found a significant difference in response to vowel types (TYPE F(1, 15) = 

3.88, p = .05). According to our hypothesis, we conducted a post-hoc analysis, investigating 

the condition effects within the different vowel types: In the standard vowels (Figure 12A) 

we found a significant suppression effect in response to self-initiated vowels (CONDITION x 

ROI F(1, 4) = 5.88, p = .01), which was most prominent in the central region (ZZ: 

CONDITION F(1, 15) = 3.22, p = .05; mean amplitudes standard vowels: VCS-2 mean 

amplitude: -2.98 µV, VOS-2 mean amplitude: -3.77 µV). In the deviant vowels (Figure 12B), 

a slightly weaker and only marginally significant suppression effect was found in response to 

self-initiated deviants when compared to externally-produced deviants (CONDITION x ROI 

F(1, 4) = 2.89, p = .07; distribution: ZZ: CONDITION F(1, 15) = 2.99, p = .06; mean 

amplitudes deviant vowels: VCD-2 mean amplitude: -3.81 µV, VOD-2 mean amplitude: -

4.04 µV). The results show that even though we find an N100-suppression effect in response 

to both, self-initiated standard and deviant vowels, the effect is smaller in response to self-

initiated deviant vowels.  

In the P200 time window, the ANOVA analysis revealed a significant difference between 

conditions and types (CONDITION F(1,15) = 22.42; p = .0005; CONDITION x ROI F(1, 4) 

= 6.68, p = .005; TYPE F(1,15) = 5.42; p = .04; CONDITION x TYPE F(1, 4) = 4.34, p = 

.05). The condition effect was globally distributed (LL: CONDITION F(1,15) = 14.42, p = 

.003; LM: CONDITION F(1,15) = 16.26, p = .002; ZZ: CONDITION F(1,15) = 17.20, p = 

.001; RM: CONDITION F(1,15) = 23.08, p = .0004; RL: CONDITION F(1,15) = 30.19, p = 

.0001). In response to standard vowels (Figure 12A), we report a significant amplitude 

reduction (standard vowels: CONDITION F(1,15) = 19.36, p = .0009; CONDITION x ROI 

F(1, 4) = 6.83, p = .004) compared to externally-generated vowels (standard vowels: VCS-2 

mean amplitude: 1.05 µV, VOS-2 mean amplitude: 2.62 µV). Again this effect was globally 

distributed (LL: CONDITION F(1,15) = 9.07, p = .01; LM: CONDITION F(1,15) = 15.14, p 

= .002; ZZ: CONDITION F(1,15) = 14.29, p = .003; RM: CONDITION F(1,15) = 21.25, p 

= .0006; RL: CONDITION F(1,15) = 26.98, p = .0002). Deviant vowels showed a slightly 

different pattern (Figure 12B). In response to externally-generated deviant vowels we found a 
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P200 (VOD-2 mean amplitude: 2.55 µV) that did not differ significantly from externally-

produced standards (Figure 13A). The visual inspection of the ERPs in response to the self-

initiated deviants showed a very small shoulder following the N100, which may reflect a 

P200. However, this component was overlaid by a strong N2b effect, which was elicited in 

the time window of the P200. Taken together, the results show a significant P200-reduction 

in response to self-initiated standard sounds compared to externally-produced standards. 

Although, externally-produced deviant and standard vowels elicited a similar P200 effect, a 

possible P200 in response to self-initiated deviant vowels cannot be statistically evaluated 

due to potential overlay effects. 

 

Figure 12 Experiment 2 - Standard vowels and deviant vowels. 
A) Brain responses elicited by self-initiated and externally-produced standard vowels in the 
central region. The blue solid line represents externally-produced standard vowels (VOS-2), 
whereas the red solid line shows responses elicited by self-initiated standard vowels (VCS-2). 
B) Brain responses elicited by self-initiated and externally-produced deviant vowels also in 
the central region. The blue solid line shows externally-produced standard vowels (VOD-2), 
and the red solid line shows responses to self-initiated deviant vowels (VCD-2). The brain 
maps show the distribution of the effect (for standard vowels: VOS-2 minus VCS-2; for 
deviant vowels: VOD-2 minus VCD-2). Grey bars reflect the analyzed time window of the 
N100, N2b and P3a. 
 

In the N2b time window we found a significant difference between conditions and types 

(CONDITION F(1, 15) = 9.92, p = .008; CONDITION x ROI F(1, 4) = 11.60, p = .0004; 

TYPE F(1,15) = 12.24, p = .004; TYPE x ROI F(1, 4) = 4.60, p = .03; CONDITION x 
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TYPE F(1,1) = 18.56, p = .001; CONDITION x TYPE x ROI F(4,64) = 6.45, p = .007). The 

effect was distributed globally (LL: CONDITION F(1,15) = 4.43, p = .05, TYPE F(1,15) = 

11.77, p = .005, CONDITION x TYPE F(1,1) = 13.65, p = .003; LM: CONDITION F(1,15) 

= 9.35, p = .01, TYPE F(1,15) = 13.44, p = .003, CONDITION x TYPE F(1,1) = 13.52, p = 

.003; ZZ: CONDITION F(1,15) = 12.49, p = .004, TYPE F(1,15) = 11.85, p = .005, 

CONDITION x TYPE F(1,1) = 22.53, p = .0005; RM: CONDITION F(1,15) = 11.21, p = 

.006, TYPE F(1,15) = 10.22, p = .008, CONDITION x TYPE F(1,1) = 20.62, p = .0007; RL: 

CONDITION F(1,15) = 6.44, p = .03, CONDITION x TYPE F(1,15) = 7.07, p = .02).  

 

Figure 13 Experiment 2 – Externally-generated vowels and self-initiated vowels. 
A) Brain responses elicited by externally-produced standard and deviant vowels in the 
central region. The blue solid line represents externally-produced standard vowels (VOS-2), 
whereas the red solid line shows responses elicited by externally-produced deviant vowels 
(VOD-2). B) Brain responses elicited by self-initiated standard and deviant vowels also in the 
central region. The blue solid line shows self-produced standard vowels (VCS-2), and the red 
solid line shows responses to self-initiated deviant vowels (VCD-2). The brain maps show the 
distribution of the effect (for externally-produced vowels: VOS-2 minus VOD-2; for self-
initiated vowels: VCS-2 minus VCD-2). Grey bars reflect the time windows of the N100, N2b 
and P3a. 
 
According to our hypothesis, we analyzed self-initiated and externally-generated vowels 

separately. In response to self-initiated standard vowels and deviant vowels (Figure 13B), we 

found a significant difference between vowel types (TYPE F(1,15) = 23.42, p = .0004; TYPE 

x ROI F(1, 4) = 8.53, p = .005) revealing that only self-initiated deviant vowels elicited an 

N2b effect (standard vowels: VCS-2 mean: -.29 µV; deviant vowels: VCD-2 mean: -1.48 

µV), which was distributed globally (LL: TYPE F(1,15) = 22.22, p = .0005; LM: TYPE 



Studies: A cerebellar forward model of auditory processing 67 

 

 

F(1,15) = 27.80, p = .0002; ZZ: TYPE F(1,15) = 23.26, p = .0004; RM: TYPE F(1,15) = 

19.17, p = .0009; RL: TYPE F(1,15) = 6.22, p = .03). In contrast (Figure 13A), we did not 

find a significant difference when comparing externally-produced standard and deviant 

vowels, indicating similar processing effort also seen in the mean amplitude values (standard 

vowel: VOS-2 mean: .85 µV; deviant vowels: VOD-2 mean: .69 µV). In conclusion, the N2b 

was only elicited in response to self-initiated deviant vowels. 

In the P3a time window (Figure 12B; 13 A&B), we found a significant difference between 

the vowel types (TYPES F(1,15) = 22.68; p = .0005). We found a significant difference 

between the two conditions in the deviant vowels (CONDITION F(1,15) = 5.24; p = .02), 

revealing a significantly enhanced P3a in response to self-initiated deviant vowels compared 

to (VCC-2 mean amplitude: 1.60 µV, VOC-2 mean amplitude: .64 µV) (Figure 12B). 

However, we did not find a significant difference between self-initiated standard vowels and 

externally-produced standard vowels (VCC-2 mean amplitude: -.44 µV, VOC-2 mean 

amplitude: -.48 µV) (Figure 12A). The result suggested that only deviant vowel elicited a 

significant P3a effect which was significantly enhanced in response to self-initiated compared 

to externally-produced deviant vowels. 

 

3.2.4 Discussion 

The current study investigated the question whether specific predictions are generated to 

process self-initiated complex speech sounds (i.e., vowels) by applying an internal forward 

model. In order to address this question two experiments were conducted. In the first 

experiment, we used a standard N100-suppression paradigm comparing self- and externally-

produced individually pre-recorded vowels in order to test whether the N100-suppression 

paradigm suffices to investigate complex auditory stimuli such as speech sounds. The results 

revealed a strong N100-suppression effect in response to self-initiated vowels. This finding 

confirms the successful generation of a forward prediction independent of the complexity of 

an anticipated stimulus. Furthermore, the finding implies that the N100-suppression paradigm 

can be applied to study complex speech sounds. Moreover, we found a reduced P200 

response elicited by self-initiated vowels, indicating the conscious detection of a self-initiated 

auditory input. As this pattern is comparable to previous results (Knolle et al., 2012, in 

revision, in review), the present data concerning the N100 and P200 may indicate two 
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processing stages of forming a prediction: Whereas the N100 reflects a fast and automatic 

forward prediction that prepares the auditory cortex to receive predicted sensory input, the 

P200 effect represents a more cognitive response (De Chicchis et al., 2002; Crowley & 

Colrain, 2004), as in distinguishing self- from externally-produced vowels by consciously 

detecting a self-initiated sensation.  

In the second experiment, we adapted the N100-suppression paradigm by comparing self- 

and externally-produced standard and deviant vowels. The deviant vowels (30%) were either 

an /a:/ or an /o:/ dependent on which of these two vowels represented the standard vowel. 

Comparable to the results of the first experiment, standard vowels elicited a suppressed N100 

and P200 component in response the self-initiated vowels indicating that auditory predictions 

are generated in order to process self-initiated vowels. Deviant vowels, on the other hand, 

elicited a reduced N100-suppression effect, indicating the violation of a specific auditory 

prediction. The P200 in response to deviant vowels reveals a more complicated pattern: The 

P200 elicited by externally-produced deviants is well pronounced and very similar to the 

P200 in response to externally-produced standard vowels. In contrast, the potential P200 

component in response to self-initiated deviant vowels is overlaid by an N2b response 

(Näätänen et al., 1982; see Näätänen & Gaillard, 1983 for review), and cannot easily be 

interpreted.  

Furthermore, deviant vowels elicited an N2b effect, which suggests the conscious detection 

of an unexpected, infrequent stimulus (Horváth et al., 2008; Näätänen et al., 1982). The effect 

was enhanced in response to self- compared to externally-generated deviants. This finding 

provides further support for the notion that specific predictions in response to complex 

stimuli are generated, because only if a prediction concerning a specific feature of the 

auditory input (i.e., vowel quality) exists, its violation can be detected faster compared to 

unpredictable auditory input. As these deviants create a prediction error, the result suggests 

that prediction errors with respect to self-initiated stimuli are more salient. This suggestion is 

supported by the findings of a P3a response to infrequent, unexpected stimuli, to which 

attention is drawn (Linden, 2005; Polich, 2007; Snyder & Hillyard, 1976; Squires et al., 

1975). Here, we report an enhanced P3a effect in response to self-initiated deviants, 

providing further evidence for the saliency of self-initiated prediction errors (Ford et al., 

2010; Nittono & Ullsperger, 2000; Putman & Roth, 1987; Roth & Kopell, 1973). 

Interestingly, the results of the current study replicated the pattern of components found in a 
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previous study on deviancy processing in sinusoidal sounds (Knolle et al., in review). Hence, 

this strongly suggests that predictive processing and the detection of prediction errors occurs 

independently of stimulus complexity. Additionally, the results reveal that the N100-

suppression paradigm is applicable to complex, speech-like sounds, suggesting that the 

internal forward model provides a theoretical explanation for the processing of self-produced 

speech.  

Thus, it can be postulated that by applying an internal forward model, the amplitude of the 

N100 is modulated when a speech sound is self-initiated compared to when this same speech 

sound is externally-triggered (Paus et al., 1996; Ventura et al., 2009). In the same line of 

thought, many studies, using different methods and paradigms, compared spontaneous, self-

produced speech to externally-produced speech. They consistently find that spontaneously 

self-produced speech elicits suppressed cortical responses compared to recorded speech 

(fMRI: Christoffels et al., 2007, 2011; Hashimoto & Sakai, 2003; MEG: Aliu et al., 2009; 

Curio, et al. 2000; Heinks-Maldonado et al., 2006; Houde et al., 2002; Kauramäki et al., 

2010; Ventura et al., 2009; EEG: Ford et al., 2001; Heinks-Maldonalo et al., 2005). 

Accordingly, we suggest that the cerebellum is involved in forming an auditory prediction 

(Knolle et al., 2012, in revision) based on an efference copy. The prediction prepares the 

auditory cortex to receive sensory input when a vowel is self-initiated. As the processing 

activity directed to the input is reduced, the N100 in response to self-initiated speech sounds 

is suppressed.  

However, as we hypothesized that the N100-suppression effect occurs proportional to the 

amount of specificity, we modulated the standard paradigm introducing deviant vowels 

(second experiment) to reduce the foreknowledge concerning an anticipated stimulus, which 

consequently attenuates the specificity of a prediction. The results show that specific 

predictions are generated (Bendixen et al., 2012; Ford & Mathalon, 2012; Knolle et al., in 

review): The N100-suppression effect is modulated in response to self-initiated deviant 

vowels. We propose that a prediction generated to process a self-initiated vowel holds a 

concrete representation of the vowel including for example it frequency, onset, and intensity. 

This prediction is violated when a deviant is elicited. It is less specific, as it contains incorrect 

information on a vowel’s acoustic quality. However, as the concept is still correct with regard 

to vowel intensity and temporal occurrence, the suppression effect is maintained but 

modulated. The vocalization literature investigating altered auditory feedback consistently 
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reports a reduction of the N100-suppression effect. For example, Behroozmand et al. (2009, 

2011) reported a reduced N100-suppression effect in response to self-produced but pitch- or 

onset-altered vocalizations. Thus, participants formed a specific prediction concerning the 

temporal and acoustic appearance of their voice. When the auditory feedback was altered in 

frequency or in onset, the prediction was violated. Consequently, the N100-suppression effect 

was reduced in response to altered auditory feedback, compared to unchanged feedback 

(Behroozmand et al., 2009, 2011). 

The assumption that specific predictions are generated also in response to complex self-

initiated stimuli receives further support from the enhanced N2b effect in response to self-

initiated deviant vowels. Similar to our previous study (Knolle et al., in review), we consider 

that the N2b indicates the conscious detection of an infrequent stimulus (Horváth et al., 2008; 

Näätänen et al., 1982). As the N2b is very much enhanced in response to self-initiated 

deviant vowels, we suggest that the violation of a specific prediction (i.e., prediction error) 

increased the saliency of a deviant. More generally speaking, when a prediction is incorrect, 

creating a prediction error, the detection of a violation is processed more efficiently compared 

to externally-produced deviant vowels. This is supported by our finding that externally-

produced deviant vowels also show a reduced P3a compared to self-produced deviants, 

revealing a less salient response (Ford et al., 2010).  

The results concerning the detection of deviants nicely complement the results presented in 

the literature on speech monitoring and processing of speech errors (Christoffels et al., 2011; 

Postma, 2000; Tourville et al., 2008; Zheng et al., 2010) which most reliably show an 

increased blood oxygenation level dependent (BOLD) response during altered auditory 

feedback compared to normal feedback, indicating that increased activity is necessary to 

accomplish the monitoring effort or error coding. In the current study we show that violated 

predictions – prediction errors – in response to self-produced complex speech sounds 

modulated the N100-suppression effect (i.e., showing a reduction). Furthermore, specific 

ERP components reflect the detection of prediction errors (i.e., enhanced N2b and P3a) 

which can be compared to error coding in fMRI studies. 

In conclusion, the present study investigated two questions: First, are forward predictions 

generated to process self-initiated complex speech sounds (i.e., vowel)? And second, are 

these predictions specific, as in holding a concrete representation of the anticipated vowel? 
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Addressing the first question, the results revealed a suppressed N100 and P200 elicited by 

self-initiated vowels, indicating a successful generation of predictions in response to complex 

self-initiated speech sounds. The finding supports the notion that self-produced speech 

stimuli are processed via an internal forward model, which predicts the sensory consequences 

of a self-produced stimulus. Additionally, the finding implies that the forward modal can be 

applied to complex processing, such as speech processing. Investigating the second question, 

we found a modulated N100-suppression effect in response to self-initiated vowels compared 

to externally-generated vowels. Further support was provided by an enhanced N2b and P3a 

effect in response to self-initiated compared to externally-produced deviant vowels. These 

findings imply that specific predictions are generated. Furthermore, it is shown that the 

detection of the prediction error is more salient in self-initiated speech sounds compared to 

externally-produced stimuli.



 

3.3 The cerebellum generates motor-to-auditory predictions: 

ERP lesion evidence
4
 

Abstract 

Forward predictions are crucial in motor action (e.g., catching a ball, or being tickled) but 

may also apply to sensory or cognitive processes (e.g., listening to distorted speech or to a 

foreign accent). According to the “internal forward model,” the cerebellum generates 

predictions about somatosensory consequences of movements. These predictions simulate 

motor processes and prepare respective cortical areas for anticipated sensory input. Currently, 

there is very little evidence that a cerebellar forward model also applies to other sensory 

domains. In the current study, we address this question by examining the role of the 

cerebellum when auditory stimuli are anticipated as a consequence of a motor act. We 

applied an N100-suppression paradigm and compared the ERP in response to self-initiated 

with the ERP response to externally produced sounds. We hypothesized that sensory 

consequences of self-initiated sounds are precisely predicted and should lead to an N100-

suppression compared with externally produced sounds. Moreover, if the cerebellum is 

involved in the generation of a motor-to-auditory forward model, patients with focal 

cerebellar lesions should not display an N100-suppression effect. Compared with healthy 

controls, patients showed a largely attenuated N100-suppression effect. The current results 

suggest that the cerebellum forms not only motor-to-somatosensory predictions but also 

motor-to-auditory predictions. This extends the cerebellar forward model to other sensory 

domains such as audition. 

 

3.3.1 Introduction 

When performing an action, such as lifting a box, an appropriate musculoskeletal system is 

activated. At the same time, the somatosensory consequences of this action are predicted to 

compute on-line corrections of the movement and subsequently to verify whether the 

movement is suitable for the next execution of the same action. According to the internal 

cerebellar forward model on motor planning and motor control (Wolpert et al., 1998), it is 

                                                           
4 This study is based on the article: Knolle, F., Schröger, E., Baess, P., Kotz, S.A. (2012). The cerebellum 

generates motor-to-auditory predictions: ERP lesion evidence. Journal of Cognitive Neuroscience, 24, 698–706. 
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hypothesized that the primary motor cortex sends an efference copy (von Holst & Mittelstädt, 

1950) of an action to the cerebellum. From this input, the cerebellum generates a motor-to-

somatosensory prediction, which prepares the musculoskeletal system to successfully execute 

a further movement. Applying a corollary discharge mechanism (Sperry, 1950), the 

prediction is compared with an actual incoming sensation. If a match between an action and a 

sensation (or prediction) occurs, the same pattern is applied when repeating the movement. 

However, in case of a mismatch, the cerebellum receives feedback information from 

respective cortical areas to adjust its prediction leading to on-line corrections (for a review, 

see Miall, 1998).  

Various experimental results support the view that the cerebellum generates motor-to-

somatosensory predictions by applying a forward model (Imamizu & Kawato, 2008; Tseng et 

al., 2007; Blakemore et al., 2001; Wolpert et al., 1998). Generating forward predictions is 

necessary not only in motor control and planning but also in sensory processing (e.g., 

Bendixen et al., 2009; O’Reilly et al., 2008; Curio et al., 2000). To detect the omission of a 

tone in a sound stream, a forward prediction of this particular tone is made (Bendixen et al., 

2009). Baess et al. (2008) reported that a motor-to-auditory prediction leads to a strong 

suppression of the N100 amplitude in response to self-initiated sounds, but not in response to 

externally produced sounds. Hence, in its simplest form, the forward model utilizes 

information from agency (Frith, 2005). More precisely, if an action is self-generated, its 

sensory consequences can be predicted precisely. In turn, the prediction leads to the 

suppression of an ensuing sensation. By means of intracranial recordings, Creutzfeldt et al. 

(1989) provided clear evidence that self-produced speech sounds lead to suppressed 

activation in the auditory cortex compared with recorded speech sounds. This study was 

recently replicated by the use of neural phase synchrony (Chen et al., 2011). Chen et al. 

(2011) report that the neural phase synchrony in the gamma band between Broca’s area and 

auditory cortex in a 50 ms time window that preceded the subjects’ speech onset was greater 

during vocalizing than during listening to recorded speech. In contrast to self-initiated 

sensations, the sensory consequences of an external event cannot be predicted. This induces 

an accentuated sensation (Blakemore et al., 2000; Wolpert et al., 1995). As the cerebellum 

has been linked to sensory and cognitive functions (see Strick et al., 2009; Baillieux et al., 

2008; Ramnani, 2006; Petacchi et al., 2005 for reviews), the question arises whether the 

cerebellum applies forward models in a modality-independent manner.  
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On the basis of the idea of a motor-to-somatosensory forward model (Blakemore et al., 2000) 

Ramnani (2006) suggests that the cerebellum applies a forward model when receiving input 

not only from the motor cortex but also from other cortical areas. Ramnani (2006) proposes 

that the cerebellum generates predictions across various domains including sensory and 

cognitive domains. A recent study using combined tactography and magnetic resonance 

imaging provides strong evidence for this idea. The cerebro-ponto-cerebellar and the 

cerebello-thalamocerebral tracts exhibit cognitive load-dependent activity in a nonverbal 

auditory memory task (Salmi et al., 2010). Participants decided whether a tone in a sound 

stream had been previously presented. A sensory-motor task in the same study led to 

comparable results; however, the tracts projected via different pontine and thalamic nuclei 

(Salmi et al., 2010). Furthermore, the results revealed a functional segregation in the 

cerebellum. The posterior cerebellum was activated in a cognitive load task, whereas the 

anterior cerebellum was activated in a sensory motor task (Salmi et al., 2010). Although not 

explicitly tested, the auditory cognitive load task required a prediction concerning upcoming 

auditory events, possibly suggesting cerebellar involvement in generating a forward 

prediction. Indeed, auditory information does not only travel along the classical auditory 

pathway (see Shamma & Micheyl, 2010; Hackney, 1987) but also via the cerebellum, which 

receives direct auditory input (e.g., animal studies: Huang et al., 1982; Aitkin & Boyd, 1978) 

and directly projects to auditory areas (animal studies: Storace et al., 2011; Wang et al., 1991; 

humans: Pastor et al., 2008; review on animal and human studies: Huffman & Henson, 1990). 

We therefore hypothesize that the cerebellum is involved in generating motor-to-auditory 

forward predictions, which prepare the auditory cortex for incoming auditory sensations. 

Research in the auditory domain confirms that the auditory event-related N100 component is 

generated in the primary (Heschl’s gyrus) and secondary (planum temporal) auditory cortices 

(Godey et al., 2001; Zouridakis et al., 1998; Näätänen & Picton, 1987). In terms of a forward 

model, the magnitude of the N100 is modulated when a sound is self-initiated compared with 

when a sound is externally triggered (EEG: Baess et al., 2011; Baess et al., 2008; McCarthy 

& Donchin, 1976; Hazemann et al., 1975; Schäfer & Marcus, 1973; MEG: Martikainen et al., 

2005). For example, self-produced speech elicits suppressed cortical responses compared 

with recorded speech (fMRI: Christoffels et al., 2007; MEG: Kauramäki et al., 2010; Aliu et 

al., 2009; Ventura et al., 2009; Heinks-Maldonado et al., 2006; Houde et al., 2002; Curio et 

al., 2000; EEG: Creutzfeldt et al., 1989, microelectrode recordings; Heinks-Maldonado et al., 
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2005; Ford et al., 2001). Accordingly, we suggest that the auditory cortex is prepared to 

receive sensory input when a sound is self-initiated. Hence, the processing activity directed at 

a sound should be reduced and in turn lead to an N100-suppression when compared with the 

N100 in response to an unpredictable or externally produced sound. In this process, the brain 

tolerates a limited amount of uncertainty. If the frequency of a self-initiated sound is 

modulated or the onset is shifted, the N100-suppression is maintained for self-initiated 

sounds (Baess et al., 2008). 

In response to predictable self-initiated sounds, we hypothesize that the cerebellum is 

involved in generating motor-to-auditory forward predictions that lead to an N100-

suppression effect. Hence, this study investigated the role of the cerebellum in generating 

motor-to-auditory forward predictions. We examined the N100-suppression effect elicited by 

self-initiated and externally produced sounds in 11 patients with focal cerebellar lesions and a 

group of healthy controls. If the cerebellum contributes to motor-to-auditory predictions on 

the basis of a forward model, we expect that patients with cerebellar lesions should show a 

smaller or no N100-suppression effect in response to self-initiated sounds. 

 

3.3.2 Methods 

3.3.2.1 Participants 

Eleven patients with cerebellar lesions (five women, mean age = 45.82 years, range = 25–61 

years, all right-handed according to the Edinburgh Handedness Inventory; Oldfield, 1971) 

and 11 healthy controls, matched in age, sex, handedness, and educational background, 

participated in the experiment. All gave informed consent and were paid for their 

participation. They reported normal or corrected-to-normal visual acuity and normal hearing. 

Nevertheless, central and peripheral hearing levels were assessed in each participant. Patients 

and healthy controls also completed a series of neuropsychological tests and the NIH Stroke 

Scale to assess neurocognitive functions. 

 

 

 



76 Studies: A cerebellar forward model of auditory processing 

 

 

Focal vascular cerebellar lesions resulted from an ischemic or a hemorrhagic stroke (next to 

one patient with cerebellar tumor resection), thus excluding patients with posttraumatic 

lesions. Neuroimaging techniques, including MRI and brain CT were used to diagnose and 

locate the lesion. Three patients also had extra-cerebellar pathologies (see Table 1 for a 

Table 1 Basic demographics and clinical information. 

Patient 

ID 

Gender Age Lesion Site and Aetiology Lesion Size 

(cm³) 

Additional lesions 

1 M 60 Right medial PCL; PICA infarction 40.87  

2 M 31 

Left ACL and superior PCL, upper 

pons; SCA infarction following 

colloid cyst resection 

29.88  

3 F 46 

Left medial PCL, tonsil, left lateral 

vermis and right superior PCL; 

PICA infarction 

3.38  

4 M 55 
Left medial PCL, tonsil; PICA 

infarction 
9.88  

5 F 39 Right lateral PCL; PICA infarction 0.31  

6 F 33 

Bilateral vermis; right deep 

cerebellar nuclei, superior cerebellar 

peduncle; tumor postoperatively 

3.1  

7 M 26 PCL bilaterally; ICH and AVM 13.53 

Left superior 

frontal gyrus and 

anterior corpus 

callosum 

8 F 50 MCL tonsil; PICA infarction 23.66  

9 M 46 

Right deep cerebellar nuclei, 

superior and middle cerebellar 

peduncle, pontine tegmentum; SCA 

infarction 

0.65 

Left middle insula, 

right paramedian 

thalamus 

10 F 59 Right lateral ACL; SCA infarction 14.27  

11 M 59 Left medial PCL; PICA infarction 
0.86 

 

Left anterior 

thalamus 

Abbreviations: m = male, f = female, ACL = anterior cerebellar lobule, PCL = posterior 
cerebellar lobule, LCL = lateral cerebellar lobule, ICL = inferior cerebellar lobule, MCL = 

medial cerebellar lobule, SCA = superior cerebellar artery, PICA = posterior cerebellar artery, 
ICH = intracerebral/-cerebellar hemorrhage, AVM = arteriovenous malformation 
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detailed description of the lesions). Healthy controls had no history of neurological, 

psychiatric, or other medical problems. The experiment was conducted in accordance with 

the Declaration of Helsinki and approved by the ethics committee of the University of 

Leipzig. 

3.3.2.2 Experimental Conditions 

The study contained two experimental conditions and one control condition (Figure 14). In 

the auditory–motor condition (AMC), participants initiated finger taps about every 2.4 sec5. 

Each tap triggered an immediate presentation of a sinusoidal sound (delay of 2–4 ms) via 

headphones. Participants were instructed to avoid counting to estimate the timing of the 

interval. The acoustic stimulation from the first experimental condition was recorded on-line 

and later used as the “external sound sequence” in an auditory-only condition (AOC). Thus, 

participants received the same set of stimuli in both conditions. However, in the AOC, no 

taps were required. Participants were asked to simply listen and attend to the auditory stimuli. 

In the motor-only condition (MOC), the participants performed self-paced finger taps every 

2.4 sec. However, in contrast to the AMC, no tone was induced via the tap. This condition 

served as a control condition for motor activity in the AMC. 

The experimental blocks were preceded by two training blocks. In the first block, participants 

were trained to tap every 2.4 s. The second training block included visual feedback to 

indicate whether a trial was too slow (tapping interval longer than 3 s) or too fast (tapping 

interval shorter than 1.8 s)6. This training block was run to ensure that participants had 

learned to estimate the time between two successive finger taps without counting. During the 

experimental run, visual feedback was not given 

                                                           
5 The interval of 2.4 s is motivated by the tapping and timing literature; 2.4 s is a multiple of 600 ms, which is 

considered a reliable measure of spontaneous motor tempo (Drake et al., 2000; Fraisse, 1982). Furthermore, 

there is evidence that two sounds occurring within an interval of more than 1.8 s are no longer perceived as a 

chain of events, but rather as discrete events (Fraisse, 1982). To reduce habituation effects, we aimed for a 

discrete temporal structure. Therefore, we chose the first multiple of 600 ms following 1.8 s. 

6 We choose to set a minimum and a maximum length of a tapping interval based on two reasons: First, the 

correct interval was motivated by the timing literature, which states that 600 ms is considered a reliable measure 

of spontaneous motor tempo (Drake et al., 2000; Fraisse, 1982). We therefore set the boundaries of the correct 

tapping rate at ±600 ms. Second, we wanted to ensure that the two experimental conditions were as similar as 

possible. Although the sounds in the AOC also had a regular structure as they appear approximately every 2.4 s, 

they were not predictable in terms of precise timing. Hence, the precise predictability is the only difference 

when comparing the AOC and the auditory-corrected motor condition. 



78 Studies: A cerebellar forward model of auditory processing 

 

.  

Figure 14 Schematic illustration of the three conditions. 
A - Auditory-motor condition: sound is self-initiated via a finger tap. B - Auditory-only 
condition: tonal sequence is presented externally. C - Motor-only control condition: taps are 
required, but no sound is elicited. 
 

3.3.2.3 Experimental Procedure 

Participants were comfortably seated in an electrically shielded and sound-attenuated 

experimental chamber. A fixation cross was displayed in the middle of a computer screen. As 

individual lesions affected different areas in the cerebellum, the degree and sidedness of 

ataxia differed in the patient sample. As patients tapped in a predefined interval, we ensured 

that all patients tapped in equal parts with their affected and unaffected hands. They were 

instructed to change the tapping (index) finger every five taps to reduce tiring in motor 

execution. In doing so, the motor activation pattern was similar across participants. 

Participants started with the right index finger and changed the response finger when 

indicated on the screen. Each tap triggered an instantaneous presentation of a tone (600 Hz, 

50 ms in duration, sound pressure level of 70 dB SPL) via headphones (Sennheiser HD 202) 

in both ears in the AMC, the same presentation of the sound was used in the AOC (see 

above). An in-house-built, highly sensitive tapping device was used to record the finger taps. 

No measurable sound was emitted by the taps. In each condition, 320 trials were recorded. 

This resulted in 960 trials. Experimental conditions were presented in blocks of 160 trials 

each. Block order was restricted: The AMC always preceded the AOC, but the occurrence of 

the MOC was randomized across participants. 
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3.3.2.4 Electrophysiological Recordings 

The EEG was recorded continuously from 29 Ag–AgCl electrodes according to the 

International 10–20 system (Fp1, Fp2, F7, F3, FZ, F4, F8, FC3, FC4, FT7, FT8, C3, T7, CZ, 

C4, T8, CP5, CP6, P7, P3, PZ, P4, P8, O1, O2). In addition, activity from the left and right 

mastoids and the sternum as the ground electrode was recorded. The EEG was sampled at a 

rate of 500 Hz (Refa amplifiers system, TMS International, Enschede, The Netherlands), and 

an antialiasing filter of 135 Hz was applied. To control for eye movements, vertical and 

horizontal EOGs were recorded bipolarly. The impedance of all electrodes was kept below 7 

kΩ. The recordings were on-line referenced to the left mastoid. 

3.3.2.5 Data Analysis: Behavioral Data 

We acquired tapping intervals for the AMC and the MOC by using the Presentation software 

(Neurobehavioral Systems, Inc., Albany, CA). For each participant, we generated the overall 

performance accuracy (percent correct) separately for the AMC and the MOC. A trial was 

scored as correct if it fell within a time window of 1.8–3.0 s. Additionally, we computed 

separate accuracy values for the left and right index finger, as well as mean values for correct 

(1.8–3.0 s) tapping intervals separately for the AMC and MOC and the performing index 

finger (i.e., intervals tapped with the left index finger vs. the right index finger). For statistical 

analyses, the PASW Statistics 18 (SPSS Inc., Chicago, IL) software package for Windows 

was used. Two repeated measures ANOVA tested for possible differences in tapping interval 

means and accuracy generated with the right or the left index finger with a between subject 

factor Group (patients, controls). 

3.3.2.6 Data Analysis: EEG Data 

The EEG data were filtered with a 0.3 to 15-Hz band-pass filter. Epochs were rejected when 

they exceeded 30 μV. On average, 8.6% of all trials were rejected in the patient group, and 

5.7% of trials were rejected in the healthy control group. The EEG data were re-referenced to 

linked mastoids. ERPs were time-locked to the stimulus onset of all critical trials. Each 

analyzed epoch had a duration of 600 ms, including a 100 ms pre-stimulus baseline. Tapping 

intervals shorter than 1.8 s or longer than 3.0 s were treated as errors and excluded from 

further EEG analysis. Motor activity was controlled for by computing difference between 

AMC and MOC (AMC minus MOC; difference wave is labeled ACC). Statistical analyses of 

all conditions (controlled for normal distribution) were calculated in the time window of 80–
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120 ms for the N100 in five ROIs (central: FZ, CZ, PZ; left lateral: F7, T7, P7; left medial: 

F3, C3, P3; right lateral: F8, T8, P8; right medial: F4, C4, P4). This approach allows mapping 

the activation foci across the scalp and ensures normalization of the data on the basis of equal 

number of electrodes in each ROI. This approach is also pursued elsewhere (e.g., Midgley et 

al., in press; Hoshino et al., 2010). The time window was defined according to the 

grandaveraged peak distribution within the ROIs. As forming predictions may activate 

specific regions in the cerebellum, we divided the patients into three subgroups according to 

their specific lesion site. Doing this allowed to compare left lateral versus right lateral versus 

bilateral cerebellar lesions. The lesion sites are also described in Table 1. 

For all statistical analyses, the SAS 8.20.20 (Statistical Analysis System, SAS Institute, Inc., 

Cary, NC) software package was used. Visual inspection confirmed an early negativity with a 

whole-head distribution in both auditory conditions (ACC and AOC). An ANOVA was 

carried out on mean amplitudes in a preselected time window. Only significant main effects 

and significant interactions with p values smaller or equal to .05 are reported for critical 

conditions and interactions. The omnibus ANOVA included the within-subject factors 

Condition (ACC/AOC) and ROI (5) and the between-subject factor Group (patients, 

controls), resulting in a 2 × 2 × 5 design. To account for functional differentiation in the 

cerebellum, an omnibus ANOVA was carried out, including the between-subject factor 

Group (left lateral, right lateral, bilateral) and the within-subject factors Condition 

(ACC/AOC) and ROI (5). Where necessary, the Greenhouse–Geisser correction was applied 

to the results reported below. 

 

3.3.3 Results 

3.3.3.1 Behavioral Data 

In the AMC, the control subjects correctly tapped in 93.7% (SD: 12.2%) of the cases and in 

the MOC in 88.4% (SD: 12.2%). The patients produced correct intervals in 89.5% (SD: 

12.7%) of the trials in the AMC and in 80.2% (SD: 14.9%) of the trials in the MOC. 

Statistical analysis of participants’ tapping performance revealed no significant main effects 

or interactions (all p values > .1), indicating no behavioral differences between the groups. 

The controls tapped on average every 2152.3 ms (SD: 427.7 ms), whereas the patients tapped 
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every 2186.4 ms (SD: 697.3 ms). Although the variance is greater in the patients than in the 

controls, both groups showed a periodic tapping performance. 

 

Figure 15 ERP-responses. 
A - Direct comparison of healthy controls (black) and cerebellar patients (red). ERPs elicited 
in auditory-only condition (AOC; black solid line) and auditory-motor-corrected condition 
(ACC; black dotted line). B - Group average of healthy controls (N = 11). ERPs elicited in 
auditory-only condition (AOC; black solid line) and auditory-motor-corrected condition 
(ACC; black dotted line). C - Group average of patients (N = 11). ERPs elicited in auditory-
only condition (AOC; red solid line) and auditory-motor-corrected condition (ACC; red 
dotted line). 
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3.3.3.2 ERP Data 

The statistical analyses of the ERPs (Figure 15A) of both groups confirm a pronounced 

N1007 in both conditions (Condition [F(1, 20) = 28.43, p < .0001]; Condition × Group [F(1, 

1) = 9.10, p < .01]). In the control group (Figure 15B), the self-initiated sounds elicited a 

large N100-suppression when compared with the N100 elicited to externally generated 

sounds (condition [F(1, 9) = 33.04, p < .0001]). The mean N100 amplitude in response to 

self-initiated sounds (ACC: mean = −2.96 μV) was significantly less pronounced than the one 

elicited by externally produced sounds (AOC: mean = −6.07 μV). 

 
Figure 16 Scalp maps. 
Grand average scalp maps showing the spatial distribution of the difference waves (AOC-
ACC) in the analyzed N100 time window. 
 

In the patient group, we did not find a suppression effect in response to self-initiated sounds, 

confirming our hypothesis (Figure 15C). The mean N100 amplitude elicited by self-initiated 
                                                           
7 Statistical analyses of the P200 component revealed a significant main effect of Condition [F(1, 20) = 19.39, p 

< .0003] and a significant interaction of Condition × ROI [F(1,3) = 17.62, p < .0001]. However, no significant 

main effect of Group was found. The analysis reveals that the P200 response in both groups is similar: Healthy 

controls display a significant main effect of Condition [F(1, 9) = 8.01, p = .0178] and a significant interaction of 

Condition × ROI [F(1, 3) = 7.28, p < .01]. Group analysis of the patients revealed a significant main effect of 

Condition [F(1, 9) = 11.50, p = .0069] as well as a significant interaction of Condition × ROI [F(1, 3) = 10.53, p 

< .01]. Interestingly, the attenuation in the P200 was not only present in the control group but also in the 

cerebellar lesion group, showing that the N100-suppression effect is selectively impaired. 
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sounds (ACC: mean = −4.31 μV) was not significantly suppressed compared with externally 

produced sounds (AOC: mean = −5.17 μV). Furthermore, the results show a global 

distribution (Figure 16) of the suppression effect in the control group (Condition × ROI [F(1, 

3) = 19.06, p < .0001]), which is significant in all ROIs (left medial [F(1, 9) = 35.05, p < 

.0001], left lateral [F(1, 9) = 15.67, p < .01], central [F(1,9) = 34.75, p < .001], right medial 

[F(1, 9) = 26.15, p < .001], right lateral [F(1, 9) = 17.17, p < .01]). 

 

Figure 17 Scatter plot. 
Scatter plot shows individual amplitudes of difference waves (AOC-ACC). Cerebellar 
patients are grouped into the three different subgroups according to their lesion site: 
diamonds – right lateralized; triangle – left lateralized; circle – bi-lateralized. 
 

When comparing the three lesion subgroups, neither a significant difference nor a significant 

interaction was found. This indicates that lesion site does not differentially contribute to the 

N100-suppression effect. When we analyzed each group separately, we confirmed no 

suppression effect in either group (see also Figure 17). For all patients, independent of lesion 

site (see different marking for the subgroups), the suppression effect is greatly reduced or not 

present at all, whereas the matching controls show a significant suppression effect. However, 

the patient sample size is too small to fully investigate this question, as the subgroups contain 

either three or four patients only. 
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3.3.4 Discussion 

The current study aimed to test the cerebellar forward model by investigating its role in 

generating motor-to-auditory predictions and thereby extending a motor-to-somatosensory 

prediction account (Blakemore et al., 2001; Wolpert et al., 1995) to another sensory modality. 

In the auditory domain, the N100 ERP component is sensitive to the process of generating an 

internal prediction as evidenced in the N100-suppression effect elicited by self-initiated but 

not externally produced sounds (Baess et al., 2008; Martikainen et al., 2005; Ford et al., 

2001; McCarthy & Donchin, 1976; Hazemann et al., 1975; Schäfer & Marcus, 1973). In the 

current study, we addressed the question of whether the cerebellum is involved in motor-to-

auditory predictions by investigating the N100-suppression effect generated by self-initiated 

and externally produced sounds in a group of patients with focal cerebellar lesion and 

matched healthy controls. The results confirm that healthy controls show the expected N100-

suppression effect elicited by self-initiated sounds replicating previous results (EEG: Baess et 

al., 2008, 2011; McCarthy & Donchin, 1976; Hazemann et al., 1975; Schäfer & Marcus, 

1973; MEG: Martikainen et al., 2005). In contrast, patients with cerebellar lesions do not 

show an N100-suppression effect elicited by self-initiated sounds. This suggests that 

cerebellar patients are compromised in generating a prediction of an auditory event that is 

triggered by a self-generated action. Thus, the current findings suggest that the cerebellum is 

a key structure in generating motor-to-auditory predictions via a motor-to-auditory forward 

model. 

Several studies provide experimental evidence that the cerebellum predicts somatosensory 

consequences of motor actions (for review, see Blakemore & Sirigu, 2003; Ito, 1970). 

Wolpert et al. (1998) and Jordan and Rumelhart (1992), for example, postulate that the 

cerebellum generates a somatosensory forward representation of a motor action, which in 

turn predicts the state changes of a limb. By comparing estimated state changes with actual 

state changes, the forward model provides essential information for movement control. In an 

fMRI study and a later PET study, Blakemore et al. (Blakemore et al., 2001; Blakemore, 

Wolpert, & Frith, 1999; see Blakemore et al., 2000 for review) investigated the 

somatosensory activity during self-produced and external tactile stimulation. They reported 

decreased activity in the somatosensory cortex to self-produced tactile stimuli, which 

presumably resulted from a motor-to-somatosensory prediction generated by the cerebellum. 
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In addition, they found that, when self-produced sensory stimulation was delayed, the 

somatosensory prediction became less accurate, and the activity in the cerebellum decreased. 

In the last two decades, research has provided ample evidence that the cerebellum is not only 

involved in motor control and planning but also in sensory processing and cognition (e.g., 

Hodge et al., 2010; Strick et al., 2009; Baillieux et al., 2008; Ivry & Baldo, 1992). Because of 

its cellular organization, which is invariant across its entire structure (Bloedel, 1992), it has 

been proposed that the functional diversity of the cerebellum is a result of its different input 

and output structures. Most cortical areas, including prefrontal and primary motor areas, send 

afferents to specialized regions in the cerebellar cortex. There they form closed loops with 

respective cortical target areas (Middleton & Strick, 1994, 2001). This view supports the idea 

that a cerebellar forward model is applied independent of a specific processing modality. 

None of the previous studies exploring the role of the cerebellum in generating sensory 

predictions have investigated the role of the cerebellum when an auditory event is self-

produced. If an event is self-produced, the input to the cerebellum is modulated by motor 

activity. Although we included a MOC to account for motor activity during the self-initiation 

of sounds, we investigate neither purely sensory nor purely motor input but rather 

sensorimotor input to the cerebellum. As cerebellar patients fail to show an N100-suppression 

effect in response to self-initiated sounds, our results provide evidence that the cerebellum 

generates an auditory prediction from sensorimotor information by using a motor-to-auditory 

forward model. More specifically, we suggest that, by receiving an efference copy-based 

motor activity induced by a finger tap to the auditory input, the cerebellum predicts the 

sensory consequences of an auditory stimulus. The predicted auditory consequences are sent 

to the auditory cortex. Consequently, the auditory cortex is prepared for the incoming 

sensation and directs less activity to the processing of this stimulus (Creutzfeldt et al., 1989). 

This view is consistent with ideas proposed by Ramnani (2006), who suggests that the 

cerebellar forward model receives input not only from the motor cortex but from all cortical 

areas. He discusses that the cerebellar forward model describes a function that can be applied 

to different modalities: motor and sensory modalities. Although we controlled for motor 

activity by means of a motor control condition, the current study does not provide evidence of 

a sensory-to-sensory forward model, but rather of a motor-to-sensory forward model. To 

investigate a purely sensory forward model, it is necessary to test predictions that are not 

based on self-initiation, but rather on an external stimulus that functions as a cue. 
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To investigate the role of the cerebellum in generating predictions independent of the 

processing modality, one has to study sensory-to-sensory prediction. Restuccia et al. (2001, 

2007) used a sensory MMN paradigm in an EEG study to investigate preattentive change 

detection in incoming electrical somatosensory stimuli. The underlying process is based on 

the comparison of a predicted and an actual future event. Patients with unilateral cerebellar 

lesions displayed an abnormal sensory MMN paradigm compared with the ERP response in 

controls, indicating that the cerebellum initiates sensory consequences of upcoming events 

(Restuccia et al., 2001, 2007). In a second EEG study with cerebellar patients, Moberget et al. 

(2008) tested two hypotheses. Whereas a timing hypothesis states that the cerebellum is 

crucial for precise temporal predictions, the sensory prediction hypothesis postulates that the 

cerebellum is crucial in generating predictions about upcoming sensory events. The study 

investigated MMN responses to four types of deviants: duration, intensity, pitch, and 

location. Cerebellar patients differed from controls in their response to duration and intensity 

deviants, suggesting an involvement of the cerebellum based on precise timing. This does not 

yet provide a definite answer to the question whether the cerebellum also generates 

predictions across domains, for example, in the purely sensory or the cognitive domains, 

which should be of great interest for future research. 

In conclusion, the current study sought to answer the question of whether the cerebellum is 

involved in generating motor-to-auditory forward predictions. We tested patients with 

cerebellar lesions in an auditory task utilizing self-initiated and externally produced sounds. 

When comparing ERP responses to self-initiated and externally produced sounds, we found 

that cerebellar patients, in contrast to healthy controls, did not display a significant N100-

suppression effect. This result suggests that the cerebellum generates motor-to-auditory 

forward predictions by applying a motor-to-auditory forward model. Hence, it also indicates 

that the cerebellum contributes to generating predictions in various sensory modalities. 

However, the theoretical groundwork on the cerebellar involvement in auditory perception 

during speech processing, a purely sensory modality, has been provided by Kotz and 

Schwartze (2010). They state that auditory information is directly sent to the cerebellum, 

which encodes the temporal relationship between incoming events. This information is 

transmitted to the frontal cortex, thereby establishing a basis for temporally explicit 

prediction mechanisms (Kotz & Schwartze, 2010). 



 

3.4 Cerebellar contribution to the prediction of self-initiated 

sounds
8
  

Abstract 

In everyday life we frequently make the fundamental distinction between sensory input 

resulting from our own actions and sensory input that is externally-produced. It has been 

speculated that making this distinction involves the use of an internal forward-model, which 

enables the brain to adjust its response to self-produced sensory input. In the auditory 

domain, this idea has been supported by EEG and MEG studies revealing that self-initiated 

sounds elicit a suppressed N100/M100 brain response compared to externally-produced 

sounds. Moreover, a recent study reveals that patients with cerebellar lesions do not show a 

significant N100-suppression effect. This result supports the theory that the cerebellum is 

essential for generating internal forward predictions. However, all except one study compared 

self-initiated and externally-produced auditory stimuli in separate conditions. Such a setup 

prevents an unambiguous interpretation of the N100-suppression effect when distinguishing 

self- and externally-produced sensory stimuli, as the N100 suppression can also be explained 

by differences in the allocation of attention in different conditions. In the current EEG-study 

we investigated the N100-suppression effect in an altered design comparing (1) self-initiated 

sounds to externally-produced sounds that occurred intermixed with these self-initiated 

sounds (i.e., both sound types occurred in the same condition) or (2) self-initiated sounds to 

externally-produced sounds that occurred in separate conditions. Results reveal that the 

cerebellum generates selective predictions in response to self-initiated sounds independent of 

condition type: Cerebellar patients, in contrast to healthy controls, do not display a N100-

suppression effect in response to self-initiated sounds when intermixed with externally-

produced sounds. Furthermore, the effect is not influenced by the temporal proximity of 

externally-produced sounds to self-produced sounds. Controls and patients showed a P200 
                                                           
8 This study is based on the article: Knolle, F., Schröger, E., Kotz, S.A. (in revision). Cerebellar contribution to 

the prediction of self-initiated sounds. Cortex. 
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reduction in response to self-initiated sounds. This suggests the existence of an additional and 

probably more conscious mechanism for identifying self-generated sounds that does not 

functionally depend on the cerebellum. 

 

3.4.1 Introduction 

Living in a highly complex world we constantly receive input to our sensory system, some of 

which results from our own actions (e.g., applauding hands or rubbing one’s own arm) and 

some of which is produced externally. Thus, one fundamental distinction in sensory 

processing we frequently make is between externally-produced sensory input and input from 

our own actions. Self-produced sensations are highly predictable: If a sensation matches the 

prediction of an expected sensation (e.g., a sound resulting from one’s knocking on a door) 

then brain activity directed to the actual input is reduced. On the other hand, externally-

produced sensations (e.g., someone else knocks on a door) lead to increased processing 

activity as external sensations may provide new and important information (Creutzfeldt et al., 

1989). To account for the distinction between self-initiated and externally-produced 

sensations, Wolpert et al. (1998) developed the concept of an internal forward-model for 

motor planning and motor control. The forward-model postulates that the primary motor 

cortex sends an efference copy (von Holst & Mittelstädt, 1950) of a motor command to the 

cerebellum. The cerebellum uses this input to generate a motor-to-somatosensory prediction 

that mimics the sensory consequences of an action and prepares the musculoskeletal system 

to successfully execute a movement. A corollary discharge mechanism (Sperry, 1950) is 

applied to compare the predicted sensations to the actual incoming sensation. If a sensation 

matches, the same pattern is applied in a subsequent movement. If no match occurs, the 

cerebellum receives feedback information from respective cortical and subcortical areas to 

reset its prediction and to apply an online correction of the movement (Kotz & Schwartze, 

2010; see Miall, 1998 for review). Investigations of the internal forward-model have provided 

ample evidence that the cerebellum generates motor-to-somatosensory predictions (e.g., 

Blakemore et al., 2001; Imamizu & Kawato, 2008; Tseng et al., 2007; Wolpert et al., 1998).  

Based on this notion, we hypothesize that the cerebellum is not only involved in generating 

motor-to-somatosensory, but also motor-to-auditory predictions. In a previous study, we 
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tested patients with focal cerebellar lesions utilizing an auditory N100-suppression paradigm 

(EEG: Baess et al., 2008; 2011; Hazemann et al., 1975; McCarthy & Donchin, 1976; Schäfer, 

& Marcus, 1973; MEG: Martikainen et al., 2005). In this paradigm, self-initiated sounds are 

compared to externally-produced sounds. If a sound is self-initiated, a motor-to-auditory 

prediction is generated, which leads to a strong N100-suppression effect. In this case, 

knowledge of agency allows the generation of a motor-to-auditory prediction of the 

consequences of an action (Frith, 2005). The prediction, in turn, leads to the suppression of 

an incoming sensation. In contrast to self-initiated sensations, the sensory consequences of 

external events leads to an accentuated sensation as sensations based on external events 

cannot be predicted (Blakemore et al., 2000; Wolpert et al., 1995). In fact, our previous 

results have clearly shown that patients with focal cerebellar lesions do not show a significant 

N100 amplitude suppression in response to self-initiated sounds (Knolle et al., 2012). These 

data provide novel evidence that the cerebellum not only generates somatosensory, but also 

auditory predictions.  

However, studies investigating the N100-suppression effect generally compare self-initiated 

to external auditory sounds in separate conditions (e.g., Baess et al., 2008; Knolle et al., 2012; 

Martikainen et al., 2005; Schäfer, & Marcus, 1973). In such a design the allocation of 

attention may differ between conditions: When eliciting self-initiated sounds attention may 

be drawn to performing a finger tap, whereas during the presentation of externally-generated 

sounds attention may be fully directed to perceiving sounds. As the N100 amplitude is 

sensitive to attentional manipulations (Näätänen, 1990), the N100 reduction in response to 

self-initiated sounds could merely result from different condition requirements (Baess et al., 

2011; Curio et al., 2000; Ford et al., 2007). Thus, the possible condition effects prevent an 

unambiguous interpretation with respect to a forward-model that distinguishes self-produced 

from externally-produced sensory events. 

Therefore, we extended the classical N100-suppression paradigm by adding externally-

produced sounds that occurred randomly after 40% of the self-initiated sounds. Mixing self-

initiated and externally-produced sounds in one condition allowed investigating whether a 

prediction is generated selectively in response to self-initiated sounds or not. Moreover, we 

aimed to test the influence of the temporal interval of external sounds following the self-

initiated sounds: If an additional external sound occurs within a short interval after or before 

a self-initiated sound, it may erroneously be perceived as a self-initiated sound. Furthermore, 
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we also tested externally-produced sounds in a separate condition to replicate previous 

results.  

In the current experiment additional external sounds occurred randomly in one of four 

possible intervals following a self-initiated sound: two intervals in the sub-second range (i.e., 

400 ms, 800 ms) and two intervals in the supra-second range (i.e., 1200 ms, 1800 ms) as the 

cerebellum is one of the key structures involved in millisecond timing (e.g., Ivry et al., 2002; 

Koch et al., 2009; Lee et al., 2007; see Buhusi & Meck, 2006 for review) with an upper limit 

of approximately 1000 ms (Del Olmo et al. 2007; Fierro et al, 2007; Koch et al., 2007). 

Having external sounds occur within very short intervals either before (i.e., a sound that 

occurs with a delay of 1800 ms after the last self-initiated sound may occur only 200 ms 

before the next self-initiated sound) or after (i.e., a sound follows the last self-initiated sound 

with a delay of 400 ms) a self-initiated sound could lead to external sounds being perceived 

as self-initiated sounds. In this case, the added external sounds may elicit an N100-

suppression effect similar to the one elicited by self-initiated sounds. Thus, the closer an 

added external sound occurs before or after a self-initiated sound, the more likely it is that 

this added external sound is processed in the same fashion as a self-initiated sound. Such a 

result may indicate that the cerebellum does not generate predictions selectively in response 

to a sound that is self-produced, but rather generates unspecific predictions based on temporal 

information. 

However, if the cerebellum is involved in generating motor-to-auditory predictions, we 

hypothesize that healthy controls should also maintain an N100-suppression effect in 

response to self-initiated sounds when self-initiated and externally-produced sounds are 

intermixed, whereas we do not expect to find such N100-suppression effect in the cerebellar 

patients. Consequently, we expect similar results, independent of whether self-initiated and 

externally-produced sounds occur in the same or in separate condition(s). Based on our 

previous results (Knolle et al., 2012), we also expect a P200-reduction in response to self-

initiated sounds in healthy controls as well as cerebellar patients. We suggest that the P200 

effect represents the effect of a mechanism, which more consciously distinguishes self-

produced from externally-produced sounds as opposed to the N100-suppression effect, which 

reflects the effect of an automatic formation of a prediction. More specifically, the P200 
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effect may reveal the conscious detection of a self-initiated sound. We assume cerebellar 

patients and healthy controls are able to consciously identify sounds that are self-produced. 

Therefore, both groups should show comparable P200 responses. 

 

3.4.2 Methods 

3.4.2.1 Participants 

Ten patients with focal cerebellar lesions (five females; mean age, 45.82 years; range 25-61 

years; all right handed according to the Edinburgh Handedness Inventory; Oldfield, 1971; see 

Table 2) and ten healthy controls, matched in age, gender, handedness, and educational 

background, participated in the experiment. All gave informed consent and were paid for 

their participation. All participants reported normal or corrected-to-normal visual acuity, and 

normal hearing. Nevertheless, central and peripheral hearing levels were assessed in each 

participant. Patients and healthy controls were also tested in a number of neuropsychological 

tests, including the Digit Span of the Wechsler-Intelligence-Test (Wechsler, 1997), the 

Listening Span, which is a standardized and auditory version of the German Reading Span 

(Daneman & Carpenter, 1980), the Token-Test (De Renzi & Vignolo, 1962), and an in-house 

used Phonem-Discrimination-Test to assess neurocognitive functions and the NIH stroke 

scale (see Table 3 for results). 

In the current study we tested patients with focal vascular cerebellar lesions that resulted from 

an ischemic or a hemorrhagic stroke (apart from one patient with a cerebellar tumor 

resection). Patients with posttraumatic lesions were excluded. Magnetic resonance imaging 

(MRI 3T Siemens Vario; sequences: T1 3D, axial T2, sagittal Flair, axial T2*) was used to 

diagnose and locate the lesions. Three patients also had extra-cerebellar lesions (see Table 2 

for description and Figure 18 for a lesion overlay). The neurological examination was carried 

out by medical professionals of the Tagesklinik Uniklinikum Leipzig, Germany; the 

procedure contained a neuropsychological, an orthoptic, a psychotherapeutic, and a 

sociotherapeuptic diagnosis at the onset of a rehabilitation program, in which the patients’ 

cognitive, sensory and motor functioning was assessed. 
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Table 2 Basic demographics and clinical information. 

Patient ID Gender Age Lesion Site and Aetiology Additional lesions 

1 m 60 Right medial PCL; PICA 
infarction 

 

2 m 31 Left ACL and superior PCL, 
upper pons; SCA  

infarction following colloid cyst 
resection 

 

3 f 46 Left medial PCL, tonsil, left 
lateral vermis and right superior 

PCL; PICA infarction 

 

4 m 59 Left medial PCL; PICA 
infarction 

Left anterior 
thalamus 

5 f 39 Right lateral PCL; PICA 
infarction 

 

6 f 33 Bilateral vermis; right deep 
cerebellar nuclei,  

superior cerebellar peduncle; 
tumor postoperatively 

 

7 m 26 PCL bilaterally; ICH and AVM Left superior frontal 
gyrus and  

anterior Corpus 
callosum 

8 f 50 MCL tonsil; PICA infarction  
9 m 46 Right deep cerebellar nuclei, 

superior and middle  
cerebellar peduncle, pontine 
tegmentum; SCA infarction 

Left middle insula, 
right paramedian 

thalamus 

10 f 59 Right lateral ACL; SCA 
infarction 

 

Abbreviations: m = male, f = female, ACL = anterior cerebellar lobule, PCL = posterior 
cerebellar lobule, LCL = lateral cerebellar lobule, ICL = inferior cerebellar lobule, MCL = 

medial cerebellar lobule, SCA = superior cerebellar artery, PICA = posterior cerebellar 
artery, ICH = intracerebral/-cerebellar hemorrhage, AVM = arteriovenous malformation 

 

As the current experiment requires a motor task, in which the participants have to tap on a 

tapping device, we collected motor scores reporting the degree of fine motor deficits. The 

Allensbacher Feinmotoriktest (AFM-Test, Minkwitz, 2000) is a frequently used motor skill 

test, which measures fine motor skills of patients with a neuropathological diagnosis. The 

AFM-test contains 31 tasks drawn from 15 functional and object-related areas (e.g., usage of 

cutlery, writing with a pen, imitating a rhythm). The performance in each area is measured on 

a scale from 0 to 4 (i.e., 0 = no performance; 4 = perfect performance, see Table 3 for final 

scores and information on the affected side). 
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Figure 18 Cerebellar lesion overlay. 
Each color represents a patient. Purple indicates minimal overlay, orange indicates maximal 
overlay (i.e., overlapping lesions of ten patient in one area).  

Healthy controls had no history of neurological, psychiatric disorders, or other medical 

problems. They were matched in age, gender, educational and socioeconomic background. 

The experiment was conducted in accordance with the Declaration of Helsinki and approved 

by the Ethics Committee of the University of Leipzig. 

Table 3 Neuropsychological and neuropathological test results. 

P-

ID 

Digit-

Span 

Listening-

Span 

Token-

Test 

Phoneme-

Discrimi-

nation 

NIH-

Scale 

Ataxia  

(AFM-

Test) 

L 500-

4000Hz 

R 500-

4000Hz 

1 21 4.0 50 21 2 - (0) 48 43 
2 17 3.0 50 24 8 L (1) 25 31 
3 16 4.0 50 24 0 L (1) 22 25 
4 18 5.0 50 24 1 - (0) 18 18 
5 16 4.0 50 24 4 - (0) 31 35 
6 22 4.5 50 25 3 R (1)  13 13 
7 16 4.0 50 22 6 - (0) 23 23 
8 17 3.0 50 24 0 - (0) 19 20 
9 17 3.0 49 24 9 R (2) 17 14 

10 5 2.0 49 22 1 - (0) 14 13 

Abbreviations: NIH-Scale = National Institutes of Health Stroke Scale; AFM-Test (test for 
fine motor skills) = Allensbacher Feinmotorik-Test (degree of disturbance: 0 = no 

disturbance, 1 = mild disturbance, 2 = medial disturbance); L = left, R = right 
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3.4.2.2 Experimental conditions  

The study contained two experimental conditions and one control condition (Figure 19). In 

the AMC participants induced finger taps about every 2.4 s9. Each tap elicited an immediate 

presentation of a sinusoidal tone (delay of 2-4 ms due to the uploading of the sound file) via 

headphones. After 40% of the self-initiated sounds, an additional externally-produced sound 

was elicited. These added external sounds occurred randomly in one of four intervals in the 

AMC: 400 ms (AC4), 800 ms (AC8), 1200 ms (AC12), or 1800 ms (AC18). The acoustic 

stimulation, including self-initiated and externally initiated sounds, was recorded online and 

used as an “external sound sequence” in AOC. In AOC participants did not produce finger 

taps, but were simply asked to listen and attend to auditory stimuli. Lastly, participants 

carried out a control condition – MOC –, in which they also performed self-paced finger taps 

every 2.4 s. However, in contrast to the AMC, no tone was induced via the finger tap, thus 

controlling for motor activity. As explained in further detail in Chapter 3.4.2.5, the MOC was 

subtracted from the AMC to compare the purely sensory activity elicited in the two 

experimental conditions (AMC-MOC). 

The experimental run was preceded by two training blocks. In the first block, participants 

practiced tapping every 2.4 s by imitating the interval played back from a metronome. In the 

second training block, the participants had to tap the sound sequence themselves. They 

received visual feedback to indicate whether a tapping-trial was too slow (tapping interval 

longer than 3 s) or too fast (tapping interval shorter than 1.8 s)10. This training block allowed 

participants to learn to estimate the time between two successive finger taps without 

counting. The training block contained 200 trials. The participants had to perform correct taps 

in 75%. All participants achieved this result in the first run. On average the controls 

                                                           
9 We motivate the use of the interval of 2.4 s based on the tapping and timing literature; 600 ms are considered to be a 

reliable measure for the spontaneous motor tempo (Fraisse, 1982; Drake et al., 2000). The literature provides evidence that 

the processing of sounds presented in an interval of two or three multiples of 600 ms is facilitated (Essens, 1986; Povel, 

1984). Furthermore, sounds occurring within an interval of more than 1.8 s are no longer perceived as a chain of events, but 

rather as discrete events (Fraisse, 1982). As we were aiming for a discrete event structure, we chose the first multiple of 600 

ms following 1.8 s which is 2.4 s. 

10 We choose to set a minimum and a maximum length of a tapping interval, for two reasons: First, the correct interval was 

motivated by the timing literature which states that 600 ms is considered a reliable measure of spontaneous motor tempo 

(Fraisse, 1982; Drake et al., 2000). We therefore set the boundaries of the correct tapping rate at +/-600 ms. Second, we 

wanted to ensure that the two experimental conditions were as similar as possible. Although the sounds in the auditory-only 

condition also had a regular structure as they appear approximately every 2.4 s, they were not predictable in terms of precise 

timing. Hence, the possibility to generate a precise prediction is the only difference when comparing the auditory-only and 

the auditory-corrected-motor conditions.  
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performed correct taps in 85.2% (SD:7.5%) and the patients produced correct taps in 83.2% 

(SD:6.4%). Thus, the training block never had to be repeated. During the experimental run, 

no feedback was given. 

 
Figure 19 Schematic illustration of the three conditions.  
a) Auditory-motor condition: a sound is self-initiated via a finger tap. In 40% after the self-
initiated sounds additional external sounds are introduced (small sound symbol). b) 
Auditory-only condition: tonal sequence is presented externally, containing all sounds from 
the auditory-motor condition. c) Motor-only control condition: taps are required, but no 
sound is elicited. 
  

3.4.2.3 Experimental procedure and recordings  

Participants were comfortably seated in an electrically shielded and sound-attenuated 

experimental chamber. A fixation cross was displayed in the middle of a computer screen. To 

ensure that the motor activation pattern was similar across participants during AMC and 

MOC, subjects were instructed to change the index finger after 150 trials. The point of 

change and the performing index finger was indicated on the screen. Thus, the participants 

did not have to count the trials or memorize which finger they had to use. The alteration of 

index fingers was counterbalanced across participants. As the cerebellar patients suffered 

from different intensities and sidedness of motor disturbances, they tapped in equal parts with 

their affected and unaffected hand. Each tap triggered the instantaneous presentation of a tone 

(680Hz, 50 ms in duration, 70dB SPL) via headphones (Sennheiser HD 202) to both ears in 
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the AMC and AOC but not in the MOC. An in-house-built, highly sensitive tapping device 

was used to record the finger taps. No measurable sound was emitted by the taps. In each of 

AMC and AOC 300 trials were recorded. Altogether 120 added external sounds were 

recorded, 30 trials per interval type (i.e., 400 ms, 800 ms, 1200 ms, 1800 ms). MOC consisted 

of 150 trials. All conditions together resulted in a total of 750 trials. Experimental conditions 

were presented in blocks of 100 trials each. Block order was restricted: The AMC always 

preceded AOC, but MOC was randomized across participants.  

The EEG was recorded continuously from 29 Ag–AgCl electrodes according to the 

International 10–20 system (FP1, FP2, F7, F3, FZ, F4, F8, FC3, FC4, FT7, FT8, C3, T7, CZ, 

C4, T8, CP5, CP6, P7, P3, PZ, P4, P8, O1, O2). In addition, we recorded from the left and 

right mastoids, and the sternum as the ground electrode. The EEG was sampled at a rate of 

500Hz (Refa amplifiers system, TMS international, Enschede, NL) and an anti-aliasing filter 

of 135Hz was applied. To control for eye movements, vertical and horizontal EOG were 

recorded bipolarly. The impedance of all electrodes was kept below 5kΩ. The recordings 

were online referenced to the left mastoid. 

3.4.2.4 Data Analysis: Behavioral Data 

We acquired tapping intervals for AMC and MOC using the Presentation software 

(Neurobehavioral Systems, Inc., Albany, CA, USA). For each participant we generated the 

overall performance accuracy (i.e., percent correct; ACCURACY) separately for AMC and 

MOC. Additionally, we computed separate accuracy values for the left and right index finger; 

as well as mean values (MEAN) for correct (1.8 s-3.0 s) tapping intervals separately for 

AMC and MOC and the performing index finger (i.e., intervals tapped with the left index 

finger vs. the right index finger). Furthermore, we acquired taps that were correct and too fast 

or too slow (CORRECTNESS) after each of the four different external sounds which 

occurred in four different intervals (i.e., 400 ms, 800 ms, 1200 ms, 1800 ms).  

3.4.2.5 Data Analysis: EEG Data 

The EEG data were filtered with a 0.3-15Hz bandpass filter (1601 Hamming windowed 

filter). Epochs were rejected when they exceeded 100μV. The EEG data were re-referenced 

to linked mastoids. ERPs were time-locked to the stimulus onset of the critical trials. Each 

analyzed epoch lasted 600 ms, including a 100 ms pre-stimulus baseline. Tapping intervals 
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shorter than 1.8 s or longer than 3.0 s were treated as errors, and excluded from further EEG 

analysis. We controlled for motor activity by computing a difference-wave (ACC) between 

AMC and MOC. In ACC we investigate self-initiated sounds (AC1) and additional external 

sounds (AC4, AC8, AC12, AC18). In AOC we examined formerly self-initiated sounds, now 

externally presented, (AO1). Furthermore, we combined all added external sounds in AMC as 

this allowed to not only comparing self-initiated and added externally generated sounds in the 

same sound stream (AC1 and ACex), but also to compare externally-produced sounds and 

self-initiated once in different sound streams (AC1 and AO1).  

The group-average ERPs were generated for each sound type. Difference waves revealed two 

effects: one negative component in the N100 time window and one positive component, 

peaking at approximately 190 ms. Statistical analyses were conducted, based on individual 

amplitudes, in the time windows of 80-120 ms for the N100 and 175-215 ms for the P200. 

Furthermore we applied a regions of interest (ROI) analysis using five ROIs (central: FZ, CZ, 

PZ; left lateral: F7, T7, P7; left medial: F3, C3, P3; right lateral: F8, T8, P8; right medial: F4, 

C4, P4). Although it is an interesting and important issue to investigate which regions in the 

cerebellum may be engaged in forming predictions, our sample is too small to allow for a 

meaningful statistical analysis. 

3.4.2.6 Statistical analyses 

For the statistical analysis, the SAS 8.20.20 (Statistical Analysis System, SAS Institute Inc., 

Cary, North Carolina, USA) software package was used. Only significant results are 

presented and where required, the Greenhouse–Geisser correction was applied. 

For the statistical analysis of the behavioral data we applied a two-way repeated measures 

analysis of variance (ANOVA). We tested for possible differences in tapping interval means 

and accuracy rates generated with the right or the left index finger with a between-subjects 

factor GROUP (patients, controls). We also applied an ANOVA testing the accuracy 

differences with CORRECTNESS (correct, incorrect) as the within-subject factor and 

GROUP (patients, controls) as the between-subject factor.  

For the statistical analyses of the ERP components we ran an overall ANOVA using the 

between-subject factor GROUP, to distinguish between patients and controls, and all possible 

within-subject factors, which were CONDITION (containing self and external sounds: AC1, 

AO1; as well as all added external sounds: AC4, AC8, AC12, AC18) and ROI (5).  
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Furthermore, we compared self- and externally-produced sounds that occurred in separate 

conditions. In this separate setting, we ran an ANOVA including the within-subjects factors 

GENERATOR (AC1, AO1) and ROI, and the between-subjects factor GROUP. Furthermore, 

we compared self-initiated and externally-generated sounds that are intermixed in the same 

condition (i.e., mixed condition). In this mixed setting, we ran one ANOVA including the 

within-subjects factors GENERATOR (AC1, ACex) and ROI and the between-subjects factor 

GROUP. Furthermore, we ran a second ANOVA (INTERVAL x ROI x GROUP) comparing 

self-initiated sounds (AC1) to the added external sounds separately according to their interval 

(AC4, AC8, AC12, AC18). 

Furthermore, the patient sample included three patients with additional lesions outside the 

cerebellum. In order to assure that these additional lesions did not impact the results, we 

conducted a Jack-knifing measure (Shao & Tu, 1995) to look at the impact of each patient to 

the overall ERP result. Excluding patients one at a time did not significantly alter the result. 

Furthermore, a statistical analysis comparing the 7 cerebellar patients without additional 

lesions and the 3 patients with additional lesions did not reveal any significant ERP 

differences. Both groups show similar effects.  

 

3.4.3 Results 

3.4.3.1 Behavioral data 

In AMC, the control subjects correctly tapped in 83.5% (SD: 10.4%) of the trials and in MOC 

in 81.0% (SD: 24.6%) of the trials. The patients produced correct intervals in 62.7% (SD: 

22.4%) of the trials in AMC, and in 62.6% (SD: 26.7%) in MOC. Statistical analysis of 

participants’ tapping performance revealed a significant group difference in AMC, with 

controls producing fewer errors than patients (GROUP [F(1,19) = 9.757, p < .05]). No 

significant group difference was found in MOC.  

Looking at the performance as a function of the possible intervals between self-initiated and 

added external sounds, we found that patients performed significantly fewer correct taps after 

each external sound type than controls (GROUP x INTERVAL [F(1,4) = 3.56, p < .05]; after 

400 ms: GROUP [F(1,19) = 4.65, p < .05]; after 800 ms: GROUP [F(1,19) = 3.89, p < .05]; 

after 1200 ms: GROUP [F(1,19) = 6.73, p < .05]; after 1800 ms: GROUP [F(1,19) = 8.19, p 
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< .05]). However, controls and patients performed similarly well after trials that were not 

interrupted by added external sounds.  

3.4.3.2 ERP Data 

In the N100 time window, the OMNIBUS ANOVA the between-factor (GROUP: patients, 

controls) and all within-factors (CONDITION: AC1, AO1, AC4, AC8, AC12, AC18) 

revealed a nicely pronounced N100, which differed across groups and conditions 

(CONDITION x GROUP [F(5,1) = 3.34, p < 05]). As expected, we only found a significant 

group difference in response to self-initiated sounds (GROUP [F(1,19) = 4.42, p < .05]). All 

added external sounds were processed similarly across and within the groups (n.s.). In the 

control group, the results revealed a N100-suppression in response to self-initiated sounds 

compared to all externally generated sounds (CONDITION x ROI [F(5,4) = 2.82; p < .05]). 

The effect was strongest in the medial and central regions (LM: CONDITION [F(5,9) = 2.57, 

p < .05]; ZZ: CONDITION [F(5,9) = 2.87, p < .05]; RM: CONDITION [F(5,9) = 2.73, p < 

.05]). The mean N100 amplitude in response to self-initiated sounds (AC1 mean: -2.26µV) 

was significantly suppressed compared to the externally-produced sounds (AO1 mean: -

3.19µV; AC4 mean: -3.53µV; AC4 mean: -3.53µV; AC8 mean: -3.51µV; AC12 mean: -

3.30µV; AC18 mean: -3.56µV). In the patient group no N100-suppression effect was elicited 

in response to self-initiated sounds (AC1 mean: -4.17µV; AO1 mean: -3.66µV; AC4 mean: -

4.68µV; AC8 mean: -3.21µV; AC12 mean: -3.90µV; AC18 mean: -3.98µV). 

As all added external sounds that occur in AMC were processed similarly across and within 

the groups (i.e., no significant main effects or interactions) we combined the individual 

‘added external sounds’ into one added external sound (ACex), which was used in further 

analyses. 

In the separate conditions the statistical analyses of the ERPs in response to the self-initiated 

and the externally-produced sounds revealed a nicely pronounced N100, which differed 

across groups and conditions (GENERATOR x GROUP [F(1,18) = 6.04, p < .05]; Figure 

20A). As expected, we only found a significant group difference in response to self-initiated 

sounds (GROUP [F(1,19) = 4.42, p < .05]), the effect is the same as in the overall and mixed 

presentation, as in all three cases the same responses to self-initiated sounds are compared. In 

the control group, the results revealed an N100-suppression in response to self-initiated 

sounds compared to all externally generated sounds (GENERATOR [F(1,9) = 5.42, p < .05]; 
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GENERATOR x ROI [F(3,4) = 8.35; p < .01]). As can be seen in Figure 21A, the mean 

N100 amplitude in response to self-initiated sounds (AC1 mean: -2.26µV) was significantly 

suppressed compared to the externally-produced sounds (AO1 mean: -3.20µV). The 

suppression effect was most pronounced in the medial and central ROIs (LM: GENERATOR 

[F(3,9) = 7.12, p < .05]; ZZ: GENERATOR [F(3,9) = 9.77, p < .05]; RM: GENERATOR 

[F(3,9) = 8.46, p < .05]; Figure 22A). 

 

Figure 20 Scatter plots of the N100-effect in the central ROI.  
A) Separate conditions: Scatter plot shows individual amplitudes of difference waves (AO1-
AC1). B) Mixed condition: Scatter plot shows individual amplitudes of difference waves 
(ACex-ACC). 
 

In the patient group, we did not find an N100-suppression effect in response to self-initiated 

sounds (Figure 20B). The result is supported by the mean amplitudes of the ERPs in response 

to self-initiated (AC1 mean: -4.17µV) and externally-produced sounds (AO1 mean: -3.66µV; 

Figure 22A).  
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Figure 21 ERP-responses shown for controls and cerebellar patients.  
A) Separate conditions: ERPs elicited by externally-produced sounds (AO1; black solid line) 
in AOC and by self-initiated sounds (AC1; black dotted line) in ACC. B) Mixed conditions: 
ERPs elicited by added external sounds (ACex; black solid line) and by self-initiated sounds 
(AC1; black dotted line) in ACC. C) External sounds: ERPs elicited by externally-produced 
sounds (AO1; black solid line) in AOC and by added external sounds (ACex; black solid line) 
in AMC. D) Intervals: ERPs elicited by added external sounds presented according to their 
temporal occurrence (AC4, AC8, AC12, AC18) and the self-initiated sounds (AC1; black 
dotted line), all sounds are elicited in AMC. 
 

In the mixed condition, we obtained very similar results. Both types of sounds elicited a 

nicely pronounced N100. However, the pattern differed across groups and the generator, 

which distinguishes between self and externally induced sounds (GENERATOR x GROUP 

[F(1,1) = 5.05, p < .05]; Figure 20B). The results confirm that a significant group difference 

is only significant in response to self-initiated sounds (GROUP [F(1,19) = 4.42, p < .05]). In 

the control group self-initiated sounds elicit a significantly reduced N100 amplitude 

compared to the added external sounds in the same sound stream (GENERATOR [F(1,9) = 

6.09, p < .05], GENERATOR x ROI [F(1,3) = 8.54; p < .01]; AC1 mean: -2.26µV, ACex: -

3.56). The suppression effect was most prominent in the medial and central regions (LM: 

CONDITION [F(1,9) = 7.12, p < .05]; ZZ: CONDITION [F(1,9) = 8.46, p < .05]; RM: 

CONDITION [F(1,9) = 9.77, p < .05]; Figure 22B), showing exactly the same pattern when 

comparing self-initiated to the matching externally-produced sounds as in the mixed 

condition (Figure 21B). In contrast to controls, patients did not show a suppression effect to 

self-initiated sounds compared to added external sounds in the same sound stream (AC1 
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mean: -4.17µV, ACex mean: -3.98µV; Figure 21B). The analyses revealed identical results 

across the separate and the mixed setup (Figure 21A&B).  

 

 

Figure 22 Brain maps.  
A) Separate conditions: Grand average scalp maps show the spatial distribution of the 
difference waves (AO1-AC1) in the analyzed N100 time window. B) Mixed condition: Grand 
average scalp maps show the spatial distribution of the difference waves (ACex-AC1) in the 
analyzed N100 time window. 
 

Looking at the intervals separately (Figure 21D), we found results similar to these when 

looking at the combined ERP in response to added external sounds (INTERVAL x GROUP 

[F(4,1) = 3.40, p < .05]). The results confirmed a significant group difference only found in 

response to self-initiated sounds (GROUP [F(1,19) = 4.42, p < .05]), all added external 

sounds were processed similarly in the two groups. In the control group, self-initiated sounds 

elicited a significantly reduced N100 amplitude compared to the added external sounds in the 

same sound stream (INTERVAL x ROI [F(4,4) = 2.97; p < .05]; AC1 mean: -2.26µV; AC4 

mean: -3.53µV; AC8 mean: -3.51µV; AC12 mean: -3.30µV; AC18 mean: -3.56µV). We also 

replicated previous results in cerebellar patients. They did not show an N100-suppression 

effect to self-initiated sounds compared to single added external sounds in the same sound 
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stream (AC1 mean: -4.17µV; AC4 mean: -4.68µV; AC8 mean: -3.21µV; AC12 mean: -

3.90µV; AC18 mean: -3.98µV). 

Analyzing the P200 in the separate condition (Figure 21A), the statistical analyses revealed 

no group difference but a highly significant difference between self-initiated and external 

sounds (GENERATOR [F(1,19) = 49.43, p < .0001]). Both groups show a reduced P200 in 

response to self-initiated sounds (controls: ACC mean: -.04µV, AOC mean: 2.92µV; patients: 

ACC mean: .17µV, AOC mean: 3.24µV). In the mixed condition (Figure 21B), however, we 

found a strong effect of self-initiated versus added external sounds (GENERATOR [F(1,19) 

= 15.06, p < .01]). The groups also behaved slightly differently with respect to the two 

different sound types (GENERATOR x GROUP [F(1,1) = 3.79, p = .068]). Whereas there 

was no group difference for the self-initiated sounds, we did find a group difference for the 

added external sounds (GROUP [F(1,19) = 3.10, p < .05]). The mean amplitudes (controls: 

ACC mean: -.04µV, ACex mean: 1.09µV; patients: ACC mean: .17µV, ACex mean: 3.54µV) 

revealed that controls showed a suppressed P200 in response to the added external sounds, 

but patients did not. 

Interestingly, in the control group we found a pronounced P3a in response to externally-

produced sounds occurring in AMC (CONDITION [F1,9 = 11.27, P<0.01], ACex mean: 

3.13µV, AOex mean: -0.29µV). Cerebellar patients also displayed a P3a-like component 

(CONDITION [F(1,9) = 7.05, P<0.05]) in response to externally-generated sounds in AMC. 

However, the morphology of the ERP component varied enormously. In the controls, the P3a 

developed as a discrete component following an N100 and a reduced P200, while the P3a-

like component in the patients unfolded after a fully pronounced P200 (Figure 21C).  

 

3.4.4 Discussion 

In the current study we examined the role of the cerebellum in generating motor-to-auditory 

predictions by presenting self-initiated and externally-produced sounds either in a mixed or 

two separate condition(s). In the separate conditions we replicated the results from a standard 

N100-suppression paradigm used in a previous study (Knolle et al., 2012). Results revealed 

that the cerebellum generates not only somatosensory, but also auditory predictions, as 

evidenced by the absence of an N100-suppression effect in response to self-initiated sounds 
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in patients with focal cerebellar lesions. However, when external and self-initiated sounds are 

elicited in separate conditions, as is the case in most N100-suppresson studies, the 

suppression effect could be explained by different condition demands (Baess et al., 2011; 

Curio et al., 2000; Ford et al., 2007), rather than as a forward-model, which distinguishes 

self-produced from externally-produced sounds. Therefore, in the current study we also 

utilized a mixed condition to investigate whether the prediction is generated selectively in 

response to self-initiated sounds. In the mixed condition we introduced additional external 

sounds that randomly followed the self-initiated sounds (in 40% of the cases) in one of four 

possible intervals (i.e., sub-second: 400 ms and 800 ms; supra-second: 1200 ms and 1800 

ms). If these added external sounds occur in close proximity to self-initiated sounds, they 

could be mistaken as self-initiated sounds and could therefore elicit a comparable N100-

suppression. The current results confirm that independent of the condition type (separate or 

mixed), the cerebellum generates precise motor-to-auditory predictions only for self-initiated 

sounds, as shown by the lack of a suppression effect in the patient group. In the two separate, 

as well as the mixed condition(s) only the control group showed a significant N100-

suppression and P200-reduction in response to self-initiated sounds, whereas the cerebellar 

patients only showed a P200-reduction. In both conditions, controls showed a strong N100-

suppression effect, as seen in scatter plots (Figure 20). While it seems that the suppression 

effect is even stronger in the mixed condition than the separate condition, this difference does 

not reach significance. Furthermore, only in the control group all external sounds were 

clearly distinguished from the self-initiated sounds, which revealed a suppression effect in the 

N100 and P200 response. We, therefore, suggest that the N100-suppression and the P200-

reduction in response to self-initiated sounds may reflect two ways of attributing a sensory 

event to one’s own action: one operating in a prospective way and the other in a retrospective 

way. The N100-suppression may reflect an automatic prediction, generated to prepare the 

auditory cortex to receive an expected sensory input (Creutzfeldt et al., 1989). The reduced 

P200, on the other hand, may respond to a conscious post-hoc reflection that a sound closely 

following a finger tap must have been self-produced (i.e., a conscious detection of a self-

initiated sound).  

In contrast to controls, cerebellar patients do not show an N100-suppression effect to self-

initiated sounds in either of the separate or the mixed condition(s). In fact, the ERP amplitude 

in response to self-initiated and externally-produced sounds is nearly identical. These results 
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indicate that cerebellar patients are not able to generate a prediction leading to a N100-

suppression. Hence, the current finding supports the notion that the cerebellum is critically 

involved in generating motor-to-auditory predictions. The scatter plot (Figure 20) shows that 

in all patients the suppression effect is greatly reduced or not present at all, whereas all 

matching controls show a significant suppression effect.  

As the patients still show a P200-reduction in response to self-initiated sounds, we believe 

that the self-initiated sounds are detected as such, due to later, more conscious processes. 

This notion is supported by the patients’ reports after the experiment, stating that they always 

recognized the sound immediately following the tap as being self-produced. We hypothesize 

that the intact P200-reduction in the patients reflects the conscious detection of a self-initiated 

sound or, similarly, that a sound following a tap must have been produced by oneself. 

Unfortunately, the literature on the auditory P200 is sparse (see Crowley & Colrain, 2004 for 

review). However, it has been proposed that a P200-reduction reflects the processing of 

attended auditory stimuli (De Chicchis et al., 2002; Crowley & Colrain, 2004). This relates 

nicely to our finding that self-initiated sounds are predictable and expected, which is why 

they are processed under attention compared to unpredictable externally-produced sounds, 

which are unattended. In other words, self-generated sound do not bear new information for 

the listeners, as they already know what will come next. Thus processing of this sound is 

attenuated. Externally-generated sounds, however, do contain new information – the listeners 

do not know about them in advance. Hence, the processing is not supressed. If the externally-

generated sound is unexpected and infrequent, it may elicited a call for attention, which may 

then be indexed by the P3a. Moreover, Minati et al. (2010) propose that a P200 amplitude 

modulation may be related to differences in the integrative processing of successive auditory 

events, depending on whether or not a sound is presented within a melodic structure. They 

found that sounds occuring within a melody elicited a reduced P200, compared to sounds 

occurring in a randomly-generated sound sequence. This interpretation fits our data as self-

initiated sounds and sounds occurring in a melody are highly linked to each other due to their 

context, and both sound types elicit a reduced P200. However, both interpretations are 

speculative, and open for future investigation.  

In the current study we also tested the selectivity of the prediction leading to a suppression 

effect. By adding externally-produced sounds that occur in near proximity to self-initiated 

sounds, we tested the possibility that externally initiated sounds may be processed as self-



106 Studies: A cerebellar forward model of auditory processing 

 

initiated sounds when presented in the same sound stream. This could lead to a similar N100-

suppression effect for externally presented sounds. However, we find a significant 

suppression effect only in response to self-initiated sounds in the control group. This suggests 

that a selective prediction is generated for self-initiated sounds only. Furthermore, neither 

controls nor patients show significant differences between the four different external sound 

types, indicating that the temporal intervals of external sounds did not influence their 

processing. This may be due to the setup of the experiment: On the one hand, all physical 

parameters of the self-initiated and all external sounds were identical, while on the other 

hand, a sound stream was created that established a relative temporal relation between the 

self-initiated and the added external sounds, occurring in one of four intervals. A theoretical 

explanation for this phenomenon is provided by Buhusi and Meck (2005), who suggested that 

the cerebellum is involved in automatic temporal processing of discrete events, but not in the 

processing of continuous events in sound streams. Therefore, we believe that mere sound 

processing in cerebellar patients is not affected by the varying temporal presentation of added 

external sounds. 

When comparing the added external sounds occurring in AMC with externally-produced 

sounds in AOC, we report an unexpected result. The control group shows a much reduced 

P200 and a clear P3a effect in response to externally-generated sounds in AMC, but only a 

P200 in AOC. We suggest that more attention is drawn to added external sounds as they are 

unexpected and infrequent. This may lead to a reduced P200 response (Minati et al., 2010). 

The attentional effect is furthermore reflected in the enhanced P3a. We consider that the P3a 

response to infrequent and unexpected added external sounds may reflect attentional 

reorienting, that is, next to the self-initiated sounds the added external sounds take the 

function of distracters or deviants (Linden, 2005; Polich, 2007; Snyder & Hillyard, 1976). In 

contrast to the controls, the patients show a fully pronounced P200 response (see Figure 

21C), which is elicited in AOC and in AMC. Furthermore, we also find a P3a-like effect in 

response to added external sounds in AMC. We therefore speculate that the cerebellar 

patients may only detect the added external sounds, as being infrequent and unexpected, after 

having processed the incoming sound completely (i.e., fully pronounced P200 in both 

conditions). As cerebellar patients fail to generate a prediction based on self-initiated sounds, 

a differentiation of self-initiated and externally-produced sounds fails in the automatic time 

range (i.e., no N100-suppression effect), but they may rely on conscious processes to detect 
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infrequent and unexpected sounds (i.e., a P3a-like component after a P200). The current 

finding therefore suggests that a deficit in generating auditory predictions may also influence 

attention-dependent processing stages such as the detection of deviants via the reorienting of 

attention. 

Contrary to our previous results (Knolle et al., 2012), behavioral results reveal significant 

group differences in AMC, in which cerebellar patients produced fewer correct taps. 

However, this finding is not surprising, because the added external sounds may have 

disrupted the tapping flow and enhanced attention to task requirements. As lesion patients are 

affected in their motor performance, it may be harder for patients than for controls to keep up 

the tapping rhythm when distracters (i.e., added external sounds) are introduced, leading to an 

increase in tapping errors. This is supported by the finding that patients only produce more 

incorrect tapping trials after an added external sound, but not after trials that are not 

interrupted by an added external sound. Additionally, no differences were found between 

patients and controls in the performance during MOC. Though, this is a rather surprising 

finding, it may be explained with the standard deviation measures, which are twice as high in 

the controls when comparing MOC and AMC. This increase in standard deviation may be 

due to the fact that MOC is the most difficult of the three conditions, as the participants do 

not receive any auditory feedback on their performance; therefore they have to fully rely on 

the internal timing which may be equally hard for controls and patients.  

In conclusion, the current study set out to investigate whether the cerebellum is involved in 

generating predictions selectively for self-initiated sounds when intermixed with externally-

produced sounds. The results clearly suggest that the cerebellum generates selective 

predictions in the auditory domain. Cerebellar patients, in contrast to healthy controls, did not 

display a significant N100-suppression in response to self-initiated sounds. As we presented 

self-initiated and externally-produced sounds in a mixed condition, as well as in separate 

conditions, we have ruled out the possibility of condition effects that could have influenced 

previous results. More importantly, the mixed design tested whether the prediction is 

selectively generated in response to self-initiated sounds when occurring together with 

externally-produced sounds. The current findings suggest that the prediction leading to a 

suppression effect is generated automatically and selectively, as it is not influenced by added 

external sounds occurring in close proximity to self-initiated sounds. Therefore, our results 

extend previous functional interpretations of the cerebellum as being engaged in forward 
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(somatosensory) predictions (Jordan & Rumelhart, 1992; Wolpert et al., 1998; see Blakemore 

& Sirigu, 2003; Ito, 1970 for reviews) by motor-to-auditory predictions. This also suggests 

that the cerebellum generates predictions across various domains (Knolle et al., 2012; 

Ramnani et al., 2006).



 

4  

Discussion: A cerebellar forward model towards higher-

order auditory processing 

Predictions generated via an auditory forward model have been studied for the past four 

decades (e.g., Baess et al., 2008; Christoffels et al., 2011; Ford et al., 2001; Martikainen et 

al., 2005; Schäfer & Marcus, 1973). Although these studies applied slightly different 

paradigms and applied different methods, such as EEG, MEG or fMRI, only little is known 

about various features of auditory forward predictions: Are they specifically and selectively 

generated in response to self-initiated stimuli, and where are they generated? Hence, the aim 

of the current thesis was to discern particular stimulus features in order to provide a more 

complete picture of how auditory predictions are generated by means of a forward model. 

After having set a theoretical framework in Chapter 1 and 2 that sheds some light on general 

assumptions, concepts, and principles relevant for understanding and testing predictive 

processing, Chapter 3 comprises four studies that provide answers to four questions 

concerning auditory forward predictions:  

(1) Do auditory forward predictions hold concrete and specific information on acoustic 

features of a predicted sound?  
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(2) Can auditory forward predictions be applied to complex auditory stimuli, such as 

speech sounds? 

(3) Where are auditory forward predictions generated? 

(4) If the cerebellum is a key structure in generating auditory forward prediction, are they 

selectively generated only in response to self-initiated sounds via a forward model?  

Based on the pervious chapters and results, what do we now known about auditory forward 

predictions? Answering the key questions raised above reveals that auditory forward 

predictions are  

(1) specifically generated in response to a self-initiated auditory stimulus – in other words 

they hold a concrete representation of the features of the stimulus that is predicted; 

(2) independent of stimulus quality; 

(3) most likely generated in the cerebellum that applies a forward model; and 

(4) are selectively generated in the cerebellum only in response to self-initiated sounds. 

The goal of Chapter 4 is to summarize the results, to discuss the role of the basal ganglia – a 

structure also associated with predictive processing – in forming forward predictions, to set 

the results into a broader context, and, finally, to raise open and further questions as well as 

providing clinical implications and future directions. 

 

4.1 Summary of empirical results 

The first study investigated the specificity of predictions generated to process self-initiated 

sounds. An adapted N100-suppression paradigm was used to compare self- and externally-

generated sounds that also included 30% of deviant sounds (i.e., sounds altered in frequency). 

When occurring in a stimulus train these deviants created a prediction error. A modulation of 

the N100-suppression effect was expected in response to self-initiated deviant sounds 

compared to standard sounds. Furthermore, deviance detection and consequently a prediction 

error should resonate in the N2b and the P3a components of the ERP. The results confirmed 

an N100-suppression effect in response to self-initiated standards and deviants. As 

hypothesized this effect was modulated in response to self-initiated deviants. Furthermore, 

self-initiated deviant sounds also elicited an enhanced N2b component compared to 
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externally-produced deviants, which indicates the saliency of prediction errors elicited by 

self-initiated deviants. Taken together, these results indicate that specific predictions in 

response to self-initiated sounds are generated. Thus, the saliency of prediction errors relies 

on the generation of specific predictions. In support of this interpretation, the P3a was also 

enhanced in response to self-initiated deviants compared to externally-produced deviants, 

revealing a stronger orienting towards an unexpected, infrequent sound. Overall, the results 

indicate that the specificity of predictions shapes the neural suppression and the detection of 

prediction errors. 

The complex human capability of speaking is accomplished via a forward model that 

dampens the processing activity of self-produced speech in the auditory cortex. Thus, the 

second study addressed the issue of whether specific auditory forward predictions are 

generated in response to complex auditory stimuli such as speech sounds. The study 

consisted of two experiments: In Experiment 1, self- and externally-initiated natural speech 

sounds (i.e., the pre-recorded vowel /a:/) were tested in the standard setup. The results 

revealed an N100-suppression effect in response to self-initiated vowels, indicating the 

successful generation of an auditory forward prediction. Experiment 2 again compared self- 

and externally-generated vowels, but included 30% of deviant vowels (i.e., vowels that were 

altered in sound quality, either /a:/ or /o:/). The results revealed a modulated N100-

suppression effect in response to self-initiated deviant vowels in comparison to self-initiated 

standard vowels. Similarly to the first study, the results also confirmed an enhanced N2b and 

P3a in response to self-initiated deviant vowels when compared to externally-generated 

deviant vowels. These findings demonstrate that specific auditory predictions are generated 

in response to complex speech sounds, and that self-initiated deviants lead to a more salient 

prediction error than externally-generated deviants. In general, the results of the second study 

confirm the conclusion drawn in the first study, and furthermore, show that specific auditory 

forward predictions are generated independently of the complexity of the auditory stimulus.  

As it was shown that auditory forward predictions are generated specifically and that they 

occur independently of stimulus complexity, it is most relevant to ask what brain structure is 

involved in the generation of such specific auditory predictions. This question was 

investigated in a third study. Based on the notion that the cerebellum generates predictions 

about somatosensory consequences of movements, it was hypothesized that a cerebellar 

forward model can also be applied to other sensory domains. In order to investigate this 



112 Discussion: A cerebellar forward model towards higher-order auditory processing 

 

hypothesis, a group of patients with focal cerebellar lesions and a group of healthy controls 

were tested using the standard N100-suppression paradigm comparing ERP responses elicited 

by self- and externally-produced sounds. It was predicted that if sensory consequences of 

self-initiated sounds are precisely predicted, these predictions should lead to an N100-

suppression effect. However, if the cerebellum is involved in the generation of auditory 

forward predictions, patients with focal cerebellar lesions should not display the N100-

suppression effect. The results confirmed that patients with cerebellar lesions showed a 

largely attenuated N100-suppression effect. The results further suggest that the cerebellum is 

involved in generating auditory forward predictions. This finding extends the motor-to-

somatosensory cerebellar forward model to other sensory domains such as audition.  

Based on the findings of the previous experiment, the final study addressed the question of 

whether cerebellar forward predictions are generated selectively in response to self-initiated 

sounds. Thus, this fourth EEG-study examined the N100-suppression effect in a modulated 

paradigm, in which externally-produced sounds were intermixed with self-initiated sounds. In 

the intermixed condition, externally-produced sounds followed self-initiated sounds separated 

in one of four temporal intervals. In the modified paradigm, a group of patients with focal 

cerebellar lesions was compared to a healthy control group. The results replicated the 

findings of the third study confirming that cerebellar patients did not elicit an N100-

suppression effect in response to self-initiated sounds that were intermixed with externally-

generated sounds, once again confirming that the cerebellum generates auditory forward 

predictions. The effect was not influenced by the temporal proximity of externally-produced 

sounds to self-produced sounds. Thus, the finding indicates that the cerebellum generates 

auditory predictions selectively in response to self-initiated sounds. Interestingly, in both 

paradigms, controls and patients showed a reduced P200 effect in response to self-initiated 

sounds. Compared to all earlier studies, this finding suggests that an additional, presumably 

more cognitively controlled mechanism is involved in identifying self-generated sounds. 

However, this mechanism does not depend on the functionality of the cerebellum; instead, it 

may simply function as the detector of an event that results from one’s own action. 
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4.2 Are the basal ganglia involved in generating predictions? 

As pointed out above, the present thesis supports a modality independent generation of 

forward predictions in the cerebellum. However, it is necessary to discuss the functional role 

of the basal ganglia in this context as this structure has also been related to predictive 

processing (Fleischer, 2007), especially with generating prediction errors (Pagnoni et al., 

2002; Schultz & Dickinson, 2000) and with reward prediction (Knutson & Cooper, 2005; 

Morris et al., 2012), as well as their responsiveness to predictability (Kotz et al., 2009). A 

large body of animal and human imaging studies indicates a role of the ventral striatum in 

prediction error signaling (e.g., McClure et al., 2003; Pagnoni et al., 2002; Schultz et al., 

1997). In a recent study, Morris et al. (2012) tested healthy control subjects and 

schizophrenic patients with a reward-related prediction error task using fMRI. In control 

subjects, the neural response in the striatum correlated strongly with prediction errors of 

reward stimuli. In contrast, schizophrenic patients showed a very different pattern of 

activation: The results revealed an exaggerated response in the right ventral striatum to 

predicted rewards, but also a blunted response to unexpected stimuli in the left ventral 

striatum. Hence, in schizophrenic patients neural responses in the ventral striatum fail to 

differentiate between predictable and unpredictable reward stimuli, providing evidence for 

the role of the ventral striatum in prediction error (Morris et al., 2012).  

Furthermore, Pagnoni et al. (2002) investigated whether the striatal response to unpredictable 

primary reward stimuli results from an error in reward prediction. They found a time-locked 

prediction error response in the ventral striatum during processing of reward stimuli (Pagnoni 

et al., 2002). If a mismatch between the predicted consequences of an event and the actual 

input occurs, a prediction error signal is produced. Thus, the prediction error relies on the 

generation of a prediction that is violated. As the ventral striatum is activated when a 

prediction does not lead to the expected consequence of a prediction – more specifically 

when a prediction error occurs – this suggests that the basal ganglia may mediate the 

comparison of a predicted outcome to the actual outcome. Relatedly, Kiran and Larson 

(2001) investigated the pitch-shift reflex, a phenomenon that requires a readjustment after the 

generation of a prediction error. They found that Parkinson’s disease patients were impaired 

in the execution and termination of the pitch-shift reflex as they showed significantly longer 

peak times and end times. As Parkinson’s disease dramatically affects the basal ganglia, the 
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results provide evidence for the role of basal ganglia in generating and integrating auditory 

prediction errors (Kiran & Larson, 2001).  

Grahn and Rowe (2009) associated the basal ganglia, especially the putamen, with predictive 

processing. In a study on rhythm perception, they found higher activation patterns in the basal 

ganglia, especially in the putamen, when comparing beat to non-beat rhythms. As rhythm 

perception requires the generation of prediction, they interpreted their findings as an 

indication for the involvement of the basal ganglia in predictive processing. More 

specifically, they proposed that the basal ganglia respond specifically to a beat during rhythm 

perception, regardless of its indication (i.e., beat can be indicated by several accent types such 

as volume, duration, timbre). Therefore, they hypothesized that a cortico-subcortical network, 

including the putamen, supplementary motor area, and premotor cortex, is activated when 

analyzing the temporal structure of a tonal sequence and when generating a prediction, as in 

generating upcoming beats (Grahn & Rowe, 2009).  

Although these studies postulate a contribution of the basal ganglia to predictive processing, a 

closer look at the data indicates that the activation of the basal ganglia is rather associated 

with the encoding of ambiguous information and the selection of appropriate actions by 

analyzing incoming signals of different modalities (Graybiel, 2000) than with predictive 

processing per se. Accordingly, the cortico-striatal circuits and the internal basal ganglia 

circuits have been functionally specified to be involved in analyzing these signals and 

modulating their processing in cortical and subcortical areas responsible for the production 

and perception of motor, sensory or cognitive activity (see Graybiel et al., 1994, and 

Graybiel, 2000 for reviews). Thus, it can be speculated that in the study by Grahn and Rowe 

(2009) the basal ganglia are involved in analyzing and evaluating the structure of the auditory 

input (e.g., temporal structure) rather than in predictive processing. This view is supported by 

a theoretical approach to speech processing involving a subcortico-cortical framework (Kotz 

& Schwartze, 2010).  

In contrast, it has been reported that one of the fundamental functions of the cerebellum is to 

generate forward predictions (Blakemore & Sirigu, 2003; Knolle et al., 2012; Miall, 1998). 

These predictions provide the basis for comparing predicted consequences and actual input, 

which allows detecting prediction errors. In order to disentangle these processes performed 

by the cerebellum and the basal ganglia, it is necessary to confirm that the basal ganglia are 
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not involved in generating forward predictions. An unpublished study (Knolle et al., in prep. 

b) tested 11 patients with focal basal ganglia lesions and a healthy control group in a N100-

suppression paradigm comparing self-initiated and externally-produced sounds in separate 

and a mixed condition(s). Patients as well as healthy controls displayed a significant N100-

suppression effect in response to self-initiated sounds. These findings confirm that patients 

with focal basal ganglia lesions do show a suppression of self-initiated sounds, thereby, 

supporting the conclusion that the basal ganglia are not involved in the formation of forward 

predictions per se (see Supplement A for results and a detailed description of the experiment). 

However, the basal ganglia and the cerebellum work hand in hand (Koziol & Budding, 2009). 

While the cortico-striato-cortical loop establishes internal representation by forming 

regulations and selecting actions, the cerebellum uses these internal representations, which 

are transmitted to the forward model, to generate predictions. In the sensorimotor domain, 

several patient studies supported this hypothesis: For example, Parkinson’s disease patients 

can reinitiate movements when they perceive predictable auditory cues which are externally 

presented (Georgiou et al., 1993; McIntosh et al., 1997). Such a result indicates that although 

the selection of a movement is inhibited due to neurofunctional degeneration in the basal 

ganglia, an internal forward prediction based on predictable auditory input may be formed in 

the cerebellum (cf. prediction type B, Figure 4). Due to the prediction that is transmitted to 

the motor area a movement is executed. Similarly, Kotz et al. (2005) reported that patients 

with focal basal ganglia lesions were able to detect syntactic violations in naturally spoken 

sentences when the sentences were preceded by a predictable externally-generated auditory 

cue (i.e., a marching rhythm). In this case, the patients were able to re-initiate the ERP-

component P600, which reflects the detection of a syntactic violation (Kotz et al., 2005; Kotz 

et al., 2009). Again, it is possible to speculate that the cerebellum reactivates an internal 

representation necessary to detect the violation by transmitting a prediction to the respective 

processing area. In general, the study provides evidence that whereas the basal ganglia are 

involved in evaluating temporal structures and extracting regularities to establish and monitor 

internal representations, the cerebellum utilizes these internal representations to predict their 

sensory consequences. 
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4.3 Forward predictions in higher-order auditory processing 

As highlighted in the present thesis, predictive processing is a fundamental principle in 

auditory perception. Generating predictions is relevant in order to efficiently process self-

produced auditory stimuli (e.g., Knolle et al., 2012; in revision), during rhythm perception or 

detection of tempo changes (Schwartze et al., 2011b), as well as during auditory language 

perception (Gagnepain et al., 2012; Kotz et al., 2009; van Petten & Luka, 2012). These three 

instances of predictive processing describe examples for the three types of predictions 

introduced in Chapter 1.2.2. The present thesis posits that the cerebellum contributes to all 

three types of predictions. As stated in the introduction, the underlying principle is that the 

cerebellum receives input about an internal representation, which is provided by the cortex 

and transmitted via the pontine nuclei to specific sub-compartments of the cerebellum. For 

example, the internal representation can be based on an efference copy when speech is self-

produced, on temporal regularity identified during beat perception, or even on a complex 

syntactic rule. It has been speculated that utilizing an internal representation, the cerebellum 

generates a prediction – an estimation of the sensory consequences based on the internal 

representation – which is sent back via the thalamus to respective cortical input areas to 

prepare them for reafferent input.  

The data presented in Chapters 3.3 and 3.4 provide evidence that the cerebellum contributes 

to the generation of auditory forward predictions based on an efference copy. Although these 

results extend the cerebellar forward model to other domains such as audition, the 

experimental paradigm still involved motor activity as  the predictable sound was self-

initiated via a finger tap. Hence, based on the current results it is impossible to conclude that 

cerebellar forward predictions are entirely independent of motor activity. However, in a 

recent study (Knolle et al., in prep. c) it was possible to reliably show that the cerebellum also 

contributes to purely sensory predictions. The study applied a purely sensory prediction 

paradigm comparing ERPs in response to predictable auditory targets (i.e., the auditory 

targets were triggered by a visual cue) with unpredictable auditory targets (i.e., visual stimuli 

appeared randomly before or after an auditory target). ERPs were recorded and compared 

between two groups; one group consisted of ten patients with focal cerebellar lesions, the 

other group consisted of age and gender matched healthy control subjects. The results showed 

that cerebellar patients in contrast to healthy controls are unable to predict an upcoming 

sound that was triggered via a visual cue. This finding indicates that the cerebellum is 
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involved in the generation of purely sensory forward predictions. In order to generate this 

purely sensory prediction it is necessary to extract the association between the visual cue and 

the auditory target (See Supplement B for results and description). 

Thus, the finding implies that the cerebellum generates predictions independently of 

modality. In terms of the three types of cerebellar predictions (Figure 4), the auditory forward 

prediction is based on a newly established internal representation provided by the cortex. As 

already pointed out above, one can speculate that a cortico-striatal network is involved in 

evaluation of sequential or serial-order learning (Graybiel, 1998), which is relevant for 

extracting a rule. Similarly, Schwartze et al. (2011b) suggested that the basal ganglia are 

involved in extracting temporal information relevant for establishing a rule. Thus, it can be 

claimed that this cortico-striatal circuit is involved in establishing the internal representation 

of auditory stimuli, which is then used by the cerebellum to generate a forward prediction.  

Reconsidering the study by Grahn and Rowe (2009), their results could be reinterpreted 

within the framework put forward in the current thesis. The authors reported higher activation 

in the basal ganglia for a rhythmic compared to a non-rhythmic condition, as well as an 

increased connectivity between the putamen and the pre-motor cortex, the supplementary 

motor area and the superior temporal gyrus (Grahn & Rowe, 2009). These results could be 

interpreted in such a way that the described cortico-striato-cortical network may be involved 

in the extraction of regularity based on the evaluation of the temporal structure (Schwartze et 

al., 2011b). Interestingly, the authors also reported cerebellar activation in all conditions as 

well as an increased connectivity between the superior temporal gyrus and the cerebellum. 

Although fMRI data do not allow interpreting the temporal unfolding of effects, it can be 

argued that while the connection between superior temporal gyrus and cerebellum may reflect 

information transmission, the activation in the cerebellum may represent the ongoing 

predictive processing. The verification of such speculation poses great potential for future 

research.  

In general, the literature only provides vague theoretical models (Ito, 2008; Koziol & 

Budding, 2009; Ramnani, 2006) to explain predictive processing in the cerebellum in a 

domain general fashion and experimental evidence is still sparse. The present thesis presents 

first experimental evidence that cerebellar forward predictions are generated based on 

efference copies (Chapter 3.3 and 3.4; prediction type A according to Figure 4) and on newly 
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established internal representations (Supplement B; prediction type B according to Figure 4). 

That illustrates how the cerebellum contributes to sensorimotor and purely sensory 

processing. The results provide an experimental validation of a functional and anatomical 

framework (Figure 3 and 4) introduced in Chapter 1. The notion of a purely sensory 

cerebellar forward model receives further support from a recent study on processing 

multisensory communicative signals (Jessen & Kotz, in review). The authors conducted an 

fMRI study investigating the perception of dynamic audiovisual stimuli of emotional body 

expressions, accompanied by emotional vocalizations. In an analysis investigating the 

interaction between auditory and visual stimuli, they found a multisensory network which 

included the superior temporal gyrus, the thalamus and the cerebellum. The authors suggested 

that the activation pattern shows audiovisual integration, in which the cerebellum contributes 

to the multisensory perception of body motion and action understanding (Jessen & Kotz, in 

review).  

Although this is one plausible interpretation, the data can also be explained by a predictive 

processing account. Audiovisual integration studies using EEG very reliably report an N100-

suppression in response to audiovisual stimulus compared to purely auditory stimuli (Besle et 

al., 2004; Jessen & Kotz, 2011; van Wassenhove et al., 2005). Thus, it has been proposed that 

the suppression effect reflects the generation of a forward prediction based on the visual 

information which precedes the auditory information (van Wassenhove et al., 2005, 2007). 

As Jessen and Kotz (in review) found a network consisting of the cerebellum, the thalamus 

and the superior temporal gyrus, it supports the framework proposed in the present thesis. As 

the cerebellum generates a prediction based on a newly established internal representation, 

this prediction is transmitted to the thalamus that subsequently transmits it to the superior 

temporal gyrus where audiovisual information is processed.  

Taken together, these results are in line with the assumption of modality independent 

cerebellar internal models proposed by Ito (2008). However, Ito (2008) suggested that the 

cerebellar internal forward model, essential for controlling movements, can similarly be 

applied to mental processes. Yet, where and how does higher-order processing, for example 

language processing, involve the generation of predictions? It has been proposed that 

syntactic processing may reflect sequencing that relies on rule-based predictions (Chang et 

al., 2006; Jackendorff, 2002; Kotz et al., 2009). Consider the following example: You are a 

German native speaker. When you hear the definite article des [genitive masculine/neutral] 
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you expect a nominal phrase (i.e., masculine or neutral, genitive) which can be extended by 

an adverbial or prepositional phrase. Thus, you apply the underlying rule that an article 

demands a nominal phrase. This example shows that a prediction is generated based on a 

normative rule specific to the syntactic structure of German. As these syntactic predictions 

interact with predictable temporal cues (i.e., the nominal phrase occurs after the article), it 

can be proposed that a mental representation of a syntactic rule has been acquired based on 

externally provided information, which is then used to generate a prediction. Interestingly, 

syntactic information can be understood as what-information (What next? Large & Kolen, 

1994), whereas temporal cues describe when-information (When next? Large & Kolen, 1994; 

Kotz & Schwartze, 2010), which refers to the description of musical predictability proposed 

by Large and Kolen (1994; see pp. 19 for introduction of what and when information). 

  

 

Figure 23 Dynamic comprehension model. 
This model illustrates how efficient language processing integrates predictive processing. 
The ongoing dynamic signal reflects the language input. The lower part illustrates the 
internal processing. As the communicative signal is being processed an internal 
representation is established. Based on this internal representation a forward model 
generates a prediction concerning an upcoming element. As the actual representation is 
processed, it is compared to the predicted representation. The comparison can either create a 
match, in which case the processing is fast and efficient, or it can result in a mismatch, in 
which case the system is updated and readjusted. 
 

In the same line of thought a dynamic comprehension model has been proposed (private 

communications with Sonja A. Kotz and research group members) that considers predictive 

processing as one of its key features (Figure 23): Comprehension consists of an ongoing 

dynamic signal, which is continuously perceived and processed. During the analysis of the 

dynamic signal, contextual information, which is provided alongside the communicative 
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signal, is considered. Both, the communicative signal and context, provide different cues 

(e.g., sensory, temporal, formal cues) that are differently weighted according to their function 

and the goal of the analysis. Then, an internal representation is formed of the part of the 

communicative signal that has been perceived. Based on the internal representation, a 

prediction concerning the upcoming input (i.e., the sensory consequences of the input) is 

generated – the predicted representation. Thus, the predicted representation is generated and 

compared to the actual representation of the ongoing signal. The comparison can be a source 

of conflict, ranging from a complete match to a complete mismatch. However, the 

comparison also allows updating and readjusting the system, which leads to efficient 

processing, such as facilitated language comprehension. As this model presents a dynamic 

process, the actual representation also provides the basis for prediction formation. Thus, the 

next predicted representation is again compared to the next actual representation of the 

ongoing signal. The ongoing process is constantly updated and matched to the internal system 

state of the perceiver, which affects both, the extraction of the signal as well as the cues. 

In order to make this dynamic comprehension model accessible, consider the following 

example: At the breakfast table, your friend asks you Do you want a cup of c… You have 

already processed the beginning of the question. After having generated an internal 

representation of the letter c, you consider all available cues and contextual information and 

predict the next letter to be an o (i.e., phonetic level). As the utterance proceeds as Do you 

want a cup of co…, the predicted representation o is compared to the actual representation 

extracted from the ongoing signal. Thus, you find your prediction to be correct (i.e., complete 

match). This information is implemented in the system state, which is updated. Based on the 

actual representation o, which is internally represented, and the updated system state, you 

expect an f to follow (i.e., next predicted representation). As you are at a breakfast table (i.e., 

type of contextual information) you expect to be asked for a cup of coffee (i.e., semantic 

level). However, from the incoming signal a k is extracted (i.e., next actual representation). 

The comparison of the predicted representation f and the actual representation k results in a 

complete mismatch. Finally, you perceive that you have been asked whether you would like a 

cup of coke, which probably affects your future expectations for possible beverages provided 

at the breakfast table (i.e., impact of signal and cue extraction). This example illustrates that 

during information processing such as communication predictions are generated rapidly and 

at different levels (e.g., phonetic, semantic, syntactic level). In a recent study, Gagnepain et 
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al. (2012) provided experimental evidence for the successful generation of predictions 

concerning upcoming speech during comprehension. 

 
 
Figure 24 Anatomical model for auditory speech perception.  
During speech perception, auditory information is transmitted to the auditory cortex either 
directly via the thalamus or indirectly passing the cerebellum, where the temporal structure 
of events is encoded. In the frontal cortex, auditory information including the analyzed 
temporal structure is combined with internal representations. The cortico-striatal network 
evaluates the temporal relations. This information is transmitted back to the cortex via the 
thalamus, where it enables the generation of regularities (black arrows). The red arrows 
indicate the cerebellar predictive processing based on an internal representation provided by 
the cortex. The cortical information is transmitted via the pontine nuclei to the cerebellum, 
where a prediction based on that information is generated. The prediction is sent via the 
thalamus back to the respective cortical areas.(preSMA=presupplementary motor 
area;SMAproper=proper supplementary motor area.) Adapted from Kotz and Schwartze 
(2010).  
 

An anatomical framework for speech perception and beyond has been established by Kotz 

and Schwartze (2010). This model provides a starting point for the anatomical realization of a 

predictive comprehension model referred to above. Kotz and Schwartze (2010) distinguish 

between two parallel auditory pathways. In the first pathway, the cerebellum decodes pre-

attentive event-based temporal structure that is transmitted to the frontal cortex via the 

thalamus, whereas the second pathway describes the retrieval of internal representations in 

the temporal cortex, which are also transmitted to the frontal cortex. An interfacing cortico-

striatal network constantly evaluates temporal structures and enables the extraction of 
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regularities. Furthermore, it allows the re-analysis of information when an unfamiliar or 

incongruent auditory stimulus is perceived. As the pre-supplementary motor area integrates 

the temporal information provided by the cerebellum, it projects the information to the 

dorsolateral prefrontal cortex where internal representations and temporal information are 

integrated to achieve optimal comprehension (Figure 24; black arrows only).  

This model provides a detailed description for optimal speech processing based on the 

generation of an internal representation. However, the model does not consider that the 

auditory speech signal is ongoing and dynamic, which means that internal representations are 

constantly reestablished as the signal proceeds. In line with the argument of this thesis, as 

soon as an internal representation is established by the cortex, it is transmitted via the pontine 

nuclei to the cerebellum. There, it is sent into the cerebellar forward model that generates a 

prediction. The prediction is transmitted back to the cortex via the thalamus, where the 

respective area is prepared for the expected input (Figure 24; red arrows only). 

As previously pointed out and once more supported by the functional and anatomical models 

(Figure 23 and 24), generating forward predictions is essential during speech and language 

processing. In these models predictions are either based on newly established representations 

(e.g., phonetic level) or on higher-order regularities (e.g., syntactic level). Here, it is 

suggested that the predictions relevant for language processing are generated in the 

cerebellum (cf. Chapter 1.2.1 and 1.2.2). Interestingly, Jakuszeit et al. (in review) 

investigated the contributions of sensory cortices to syntactic deviance processing, involving 

higher-order regularities. In an EEG study, the authors tested whether rapid syntax processing 

is affected in patients with lesion of the left inferior frontal gyrus but intact auditory cortices. 

They argued that as these patients should be affected in the early detection of syntax deviance 

of expected structures, they should show deficits in generating sensory predictions based on 

syntactic rules (Jakuszeit et al., in review). However, extending their conclusion and 

following the argument put forward in the current thesis, it can be hypothesized that as a 

syntactic rule is extracted, an internal representation based on the extraction of higher-order 

regularities is established and transmitted to the cerebellum. Based on the internal 

representation of the higher-order regularity, the cerebellum generates a purely sensory 

prediction that is transmitted via the thalamus to the respective cortical area. As the inferior 

frontal gyrus is lesioned in these patients, the rule may not be extracted; hence, the 

cerebellum would not receive the internal representation necessary for generating a forward 
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prediction. This approach would also explain why patients with isolated lesions in the inferior 

frontal gyrus do not show early syntactic negativities. 

Taken together, the current work provides evidence that the cerebellum generates forward 

predictions in the sensorimotor, purely sensory as well as cognitive domain. Furthermore, it 

provides supporting examples for the threefold classification of types of predictions 

generated in the cerebellum introduced in Chapter 1.2.2. A cerebellar prediction can be based 

on intrinsic representations, such as efference copies of motor commands (i.e., motor-to-

sensory predictions), on newly established representations, such as newly acquired temporal 

patterns (i.e., sensory-to-sensory predictions), or on higher order learning, providing a 

complex rule, such as syntactic regularities (i.e., cognitive-to sensory predictions). 

 

4.4 Open questions and clinical implications 

The present thesis provides answers to several questions concerning the generalization of 

forward prediction models. However, many questions remain unanswered and should be of 

great interest for future research.  

One remaining concern when testing prediction models applying either standard or adapted 

suppression paradigms as the ones utilized here and in other studies (e.g., Behroozmand et 

al., 2011; Ford et al., 2007b; Martikainen et al., 2005; Schäfer & Marcus, 1973), is that 

prediction formation is investigated only indirectly. In other words, the N100/M100-

suppression effect in response to self-produced stimuli reveals the effect of a successfully 

generated prediction, but it does not reflect the prediction formation per se. Thus, it is 

necessary to test the generation of predictions directly. Some studies have approached this 

issue by investigating neural phase synchrony prior to an expected stimulus (e.g., Chen et al., 

2011; Ford et al., 2007a). However, the results are inconsistent as the studies set different foci 

or examined different frequency bands and temporal windows. Next to the analysis of pre-

stimulus baseline frequency band analyses, also pre-stimulus activations in ERPs can be 

investigated. Possible changes could be detected in the temporal range of the readiness 

potential (see Freude & Ullspreger, 1987 for a review) or the contingent negativity potential 

(Walter et al., 1964; Zanto et al., 2011). These potentials should be especially interesting 

when conducting patient studies which allow further elucidating the effects of specific lesions 
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in the generation of predictions. As a systematic investigation of pre-stimulus activation 

requires high temporal as well as good spatial resolution, applying a method that combines 

these features may provide more specific insights into predictive processing. Although, MEG 

is restricted in localizing subcortical areas, special beamformer techniques, such as dynamic 

imaging of coherent sources (DICS, Butz et al., 2006; Krause et al., 2010) or adaptive vector 

beamformer technique (Hashimoto et al., 2003), in combination with simultaneous EEG may 

allow a fairly well spatial resolution. Together with its high temporal resolution, MEG may 

be a promising method when investigating forward predictions.  

Moreover, several questions arose during the interpretation of the ERP-results (see Chapter 

3). One open issue that applies to all four studies concerns the P200 response: This 

component is reliably elicited and modulated when generating forward predictions. However, 

an interpretation of this effect is difficult as the literature on the P200 is sparse. In both, 

standard and adapted paradigms, the results revealed a reduced P200 amplitude in response to 

self-initiated compared to externally-generated sounds. Unfortunately, it is hard to clarify 

whether the P200 response is further modulated by prediction errors introduced by deviant 

stimuli or by other manipulations of predictive processing. Thus, it is most relevant to raise 

the following two questions: Does the P200 merely reflect the cognitive detection of the self-

production of a stimulus, independent of stimulus features? And which underlying 

mechanism is involved?  

The results of the first study of the current thesis revealed a modulated N100-suppression 

effect. Together with the results regarding the enhanced N2b and P3a in response to self-

initiated deviants, this effect can be interpreted as the violation of a specific prediction, 

revealing a prospective modulation of the N100. Although this interpretation is highly likely 

as  the reduction of the suppression effect increases with the number of stimulus features that 

are violated (Baess et al., 2008; Knolle et al., in review), it is possible to argue that the 

auditory system is prepared to only process one stimulus type. In other words, the system 

may limit its processing to one particular type of stimulus. As soon as a different stimulus 

occurs, the N100 is enhanced. This would indicate a retrospective modulation of the N100, 

meaning that as a deviating stimulus is perceived the N100 is enhanced (Schröger & Wolff, 

1998). In order to disentangle these two interpretations, it is necessary to provide evidence for 

the formation of a prediction, possibly analyzing pre-stimulus activity (e.g., phase 

coherence). In this line of thought, it is necessary to specifically describe the modulation of 
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the N100: Is the N100-modulation a reduction of the suppression effect, in other words a 

decrease of the amplitude difference between externally- and self-initiated stimuli? Or, is it 

an enhancement of the N100 amplitude in response to self-initiated stimuli, as it is the 

response to an acoustically deviating sound (Näätänen, 1990). Furthermore, this first study 

presents the detection of prediction errors on two separate ERP-components: On the one 

hand, the modulated N100-suppression effect in response to self-initiated deviants reflects a 

rapid, possibly unconscious detection of a prediction error, and on the other hand an 

enhanced N2b response presents a cognitive detection of a prediction error. An anatomical 

and functional dissociation of these two types of prediction errors would shed light on how 

different structures contribute to generating prediction errors.  

Based on the anatomical model involved in the generation of predictions (Chapter 1.2.1, 

Figure 3) and the empirical data presented in the first two studies (Chapter 3.1 and 3.2) it 

could be argued that two networks contribute to the generation of prediction errors. The first 

network consisting of the inferior olive and the cerebellum may be involved in generating 

pre-attentive prediction errors allowing internal system adjustments. More specifically, as a 

prediction error is produced the internal representation is fine tuned considering different 

probabilities of the acoustic appearance of a sound. This adjustment could be seen in the 

reduction of the N100-suppression effect. Furthermore, the second network comprising the 

basal ganglia and the anterior cingulate cortex may contribute to the attentively and 

consciously controlled detection of prediction errors, which may be reflected in the 

generation of an enhanced N2b response in response to prediction errors. This latter 

interpretation is supported by the finding that the N2b is localized in the anterior cingulate 

cortex (Crottaz-Herbette & Menon, 2006). An exact anatomical and functional differentiation 

of the two prediction error networks could either be achieved by applying an imaging method 

with high temporal resolution, such a MEG as  this would allow a temporal tracking of 

activated locations; or by conducting a patient study comparing basal ganglia and cerebellar 

patients in the modulated suppression paradigm, examining standard and deviant sounds. 

While the cerebellar patients should be affected in the N100-suppression effect, the basal 

ganglia patients should reveal deficits in the generation of an N2b component.  

Moreover, the studies presented in this thesis investigated only frequency-manipulations in 

the auditory deviant paradigms. Thus, additional research should provide answers on whether 

the suppression effect is modulated in a similar fashion when other features, such as 
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complexity, volume, or rise-time, are manipulated. A differentiation of modulatory effects of 

these features would also allow investigating whether features of stimuli are differently 

weighted, possibly depending on their importance for the stimuli per se. If features were 

differently weighted such research would clarify whether features contribute in a graded 

fashion to the suppression effect. In other words, does the successful prediction of the 

complexity of a stimulus result in a stronger suppression effect compared to the successful 

prediction of onset time? Or the other way round, does a prediction error concerning the 

complexity of a stimulus lead to a stronger reduction of the suppression effect compared to a 

prediction error regarding the stimulus onset time? 

To date, the cerebellar involvement in generating forward predictions has only been tested 

indirectly conducting patient studies using sinusoidal tones (Knolle et al., 2012, in revision). 

In order to generalize the role of the cerebellum in generating forward predictions, it is 

necessary to extend the research to other domains, such as vision or cognition, and to test a 

wider range of stimuli qualities, such as natural spoken syllables. Additionally, it would be of 

great interest to set up studies using methods that allow for the localization of cerebellar 

activation. However, as the generation of prediction requires precise timing, fMRI is not 

necessarily the method of choice. Instead, MEG as well as TMS may be more appropriate. 

MEG would allow utilizing the same paradigm as employed in the studies of the current 

thesis, while TMS, by attributing an artificial lesion to the cerebellum, would be particularly 

interesting in testing adaptive behavior to altered auditory feedback.  

Considering possible clinical implications based on the present findings, it is important to 

keep in mind that patients with cerebellar dysfunctions were found to be affected in different 

aspects of cognitive processing (see Baillieux et al., 2008; Gordon, 2007; Hodge et al., 2010 

for reviews). Schmahmann (1991) suggested that the cerebellum controls the speed, 

consistency, and correctness of cognitive processes. This thesis provides experimental 

evidence that the cerebellum contributes to a fundamental process relevant across many 

motor, sensory and cognitive functions – predictive processing. Thus, these findings should 

be implemented in rehabilitation programs of patients with cerebellar dysfunction: As the 

cerebellum seems to be functioning mainly unconsciously and automatically, a compensation 

strategy is required to help establish conscious control mechanisms. For example, the results 

of the two patient studies (Chapters 3.3 and 3.4) revealed no N100-suppression effect, but 

still a significant P200 reduction, which was argued to reflect the conscious detection of a 
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self-generated stimulus. Interestingly, when interviewed after the experiment, all cerebellar 

patients reported that they had no difficulty to detect their self-produced sounds (see also 

Knolle et al., in revision), nevertheless the ERP response clearly indicated that no N100-

suppression effect in response to self-initiated sounds occurred. Thus, it is necessary to 

implement learning paradigms that establish the conscious control of normally highly 

automatic processes such as language processing. Although an unconscious and rapid online 

adjustment of behavior could be reestablished as  this possibly involves a network including 

the inferior olive and the cerebellum, the conscious detection of a predictable stimulus (i.e., 

reduced P200) could be used to also support the conscious detection of prediction errors (i.e., 

N2b). In language processing, fostering an active language monitoring could possibly 

improve language comprehension and production.  

Such learning paradigms would not only be relevant for patients suffering from focal 

cerebellar lesions, but also for patients suffering from other cerebellar disorders, such as 

schizophrenia (see Andreasen & Pierson, 2008; Yeganeh-Doost et al., 2011 for reviews) who 

show a wide range of symptoms which can be associated with a dysfunction in cerebellar 

predictive processing. Schizophrenic patients for example suffer from various types of 

hallucinations (Ford et al., 2012). Hallucinations result from a dysfunction of self-monitoring 

(Feinberg, 1978), thus, it relates to a deficit in distinguishing between sensations that are self- 

and externally-generated. Therefore, fostering the conscious detection of self-initiated 

sensations could possibly also reduce hallucinations. 

 

4.5 Concluding remarks 

The aim of the current thesis was to investigate specific features of auditory forward 

predictions. It provides evidence that auditory predictions are specific, in that they hold a 

concrete representation of the predicted event, they are independent of stimulus complexity, 

and they are most likely generated in the cerebellum. Thus, special attention was drawn to the 

contributions of the cerebellum in forming these predictions. Based on the literature and two 

experiments presented here, the current thesis proposes a threefold classification of cerebellar 

forward predictions, which distinguishes between sensorimotor, purely sensory as well as 

cognitive predictions. Consequently, the role of the cerebellum in higher-order functioning is 

discussed in relation to a dynamic model on comprehension. In conclusion, the current thesis 
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offers a modality and complexity independent understanding of cerebellar predictive 

processing.  



 

Supplement A 

 

 

The primary goal of this study (Knolle et al., in prep. b) was to test the hypothesis that the 

basal ganglia are not involved in generating internal forward predictions. The current study 

indirectly supports the contribution of the cerebellum in generating forward predictions. The 

results revealed that patients with focal basal ganglia lesions are able to suppress the brain 

activity in response to self-initiated sounds, indicating their capacity to generate forward 

predictions.  

In the simple setting, self-initiated and externally-generated sounds were tested in separate 

sessions. Both groups showed a significant N100-suppression effect (healthy controls: N100: 

F(1,10) = 6.07, p < 0.05; patients: N100: F(1,10) = 4.25, p < 0.05). In the complex setting, 

which tested self-initiated and externally-produced sounds in separate and mixed 

condition(s), the results are very similar. In both settings we find N100 and P200 reductions 

in response to self-initiated sounds (separate conditions: healthy controls: N100: F(3,9) = 

14.71, p < .0001; patients: N100: F(3,9) = 4.99, p < .05); mixed conditions: healthy controls: 

N100: F(1,10) = 28.69, p < .001; patients: N100: F(1,10) = 3.45, p = .7 (marginally 

significant).  
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This reliable suppression effect indicates that it is not influenced by task or condition as  the 

elicited effect was comparable in both conditions. Furthermore, the results support the notion 

that the basal ganglia are not involved in generating forward predictions as basal ganglia 

patients showed a significant N100-suppression effect.  



 

Supplement B 

 

The literature provides ample evidence that the cerebellum generates motor-to-sensory 

forward predictions (Blakemore et al., 2001; Knolle et al., 2012; Miall, 1998). Based on this 

evidence it has been claimed that the cerebellar forward model may apply to purely sensory 

and even to cognitive processing (Ito, 2008; Ramnani, 2006). A pilot study tested 15 students 

in a purely sensory prediction paradigm, comparing the ERPs in response to auditory targets 

that were triggered by a visual cue (predictable condition) with those that were not triggered 

in a predictable manner by the visual cue (unpredictable condition). The results revealed a 

strong suppression effect in response to predictable sounds (F(1,14) = 19.12; p < .001). Thus, 

the findings suggest that a prediction is generated based on the preceding visual cue leading 

to a suppression of the auditory N100 response. This provides first evidence that the forward 

model can be extended to generating purely sensory predictions.  

In order to investigate whether the cerebellum is the generator of a purely sensory forward 

prediction, a patient study was conducted. 10 patients with focal lesions in the cerebellum 

were compared to 10 healthy, age-, gender-, and education matched controls. In the healthy 

control group, the results confirmed the suppression effect in response to predictable sounds 

(F(1,9) = 24.48; p < .001) initially found in the student population. In contrast, patients with 

cerebellar lesions do not show a suppression effect (n.s.; F(1,9) = .33; p = .58).  

The findings indicate that the cerebellum is involved in the generation of purely sensory 

forward predictions. In order to generate this purely sensory prediction it is necessary to 

extract the association between the visual cue and the auditory target. Thus, the findings 

imply that the cerebellum generates predictions independent of modality. It can be speculated 

that the cerebellar auditory forward prediction is based on newly established internal 

representations (i.e., predictive relation between visual cue and auditory target). 
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Summary of the dissertation 

We receive constant sensory input of all modalities but not all of that input is generated by 

our environment. Some of the perceived sensations are self-produced. Thus, they result from 

our own actions. However, how is the differentiation between the externally-generated and 

self-produced sensations achieved? 

The introduction of the current thesis begins with a brief historical survey. It shows that the 

distinction between perceptual events generated by ourselves and those resulting from 

external events has been of great interest to various areas of science. At the beginning, the 

focus lay on the differantiation between the Self and the Other. However, over the years more 

specific questions were brought to the center of attention. In the 1950s, von Holst and 

Mittelstädt (1950) published a seminal article proposing a complex theory that allowed a 

distinction between origins of sensory input. They suggested that it was necessary to 

differentiate a reafference input (i.e., afferent activity resulting from self-generated 

movement) from an exafference input (i.e., afferent activity based on external stimulation). In 

detail, von Holst and Mittelstädt (1950) suggested that efferent motor commands are 

mimicked within the CNS, based on an efference copy signal, which is then transmitted to the 

sensory pathway. At the same time, but independently, Sperry (1950) presented a similar 

hypothesis, even using a similar example. He stated that a corollary discharge is required to 

compensate for the sensory consequences of movements. The compensation is, for example, 

necessary during head movements. Although the position of the eye, more specifically the 

retina, changes, a stable image of the environment is perceived. Thus, the theory implies that 

the brain generates adjustments of sensory states (Sperry, 1950),which correct for the sensory 

consequences of movements (e.g., displacement due to change in direction or speed). This is 

possible whenever a sensation is predictable, as in the case of self-initiated sensations. 

Consequently, this theory reflects the distinction between the Self and the Other as well. 

The concepts of efference copy and corollary discharge were implemented in a theoretical 

approach: the forward model (Wolpert et al., 2003). As an efference copy of a motor 

command is transmitted to a forward model, predictions of the consequences of self-produced 

sensations are generated (i.e., the corollary discharge). The predictions are sent to the 

respective cortical areas in order to prepare them for the actual incoming sensation. As these 

areas are prepared to receive the input, less brain activity is required for processing it. Thus, 

generating predictions saves resources, which, instead, may be directed to externally provided 
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information. Thus, the general processing is more efficient, implying a fundamental principle 

of the brain. Over the past decades, the phenomenon of generating predictions has been 

studied extensively. In auditory processing, a paradigm has been established, in which 

predictable sounds are compared to unpredictable sounds (Schäfer & Marcus, 1973) – 

predictable sounds are those sounds that are self-produced, whereas unpredictable sounds 

correspond to externally-generated sounds. EEG-studies utilizing this paradigm reliably 

report an N100-suppression effect in response to predictable (i.e., self-initiated) sounds 

compared to unpredictable (i.e., externally-produced) sounds. The suppressed N100 

amplitude shows that less brain activity is required to process the predictable sounds. The 

effect provides indirect evidence for the successful generation of a forward prediction. 

However, little is known about these forward predictions: Do they hold a specific 

representation of the predicted sound? Do they depend on sound quality or complexity? Are 

they selectively generated? And above all, where are they generated? These questions are 

investigate in the current thesis.  

As the theoretical framework builds up, the cerebellum is shown to be a key structure in 

generating forward predictions via a forward model. It is speculated that the cerebellum 

receives information from all cortical regions via the pontine nuclei (Schmahmann & Pandya, 

1997). Furthermore, it has been suggested that the cerebellum applies the same process to all 

inputs independently of their source and feeds the output – the prediction – back via the 

thalamus to the respective cortical areas (Courchesne & Allen, 1997). Whereas the inferior 

olive modulates the processing within the cerebellum, the cortico-striato-cortical loop is 

necessary to establish rules and select the appropriate information, which are then transmitted 

to the cerebellum (Koziol & Budding, 2009). The present thesis introduces three types of 

cerebellar predictions: the cerebellum generates predictions (1) derived from intrinsic 

representations, such as predictions based on efference copies of motor commands (e.g., 

motor-to-sensory predictions), (2) derived from extrinsic representations, such as predictions 

based on newly acquired patterns (sensory-to-sensory predictions), and (3) based on higher-

order regularities, providing a complex rule (cognitive-to-sensory predictions).  

The introduction of the thesis is followed by a methodological chapter that presents and 

explains the experimental EEG-paradigms as well as the relevant ERP-components. Based on 

Schäfer and Marcus (1973), two types of sounds are compared in the standard paradigm – 

these sounds are either self-initiated, meaning that the participant actively produces the sound 
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via a finger tap; or they are externally-generated, meaning that a sound sequence is passively 

played back to the participant. As the current thesis investigates specific features and the 

potential generator of auditory forward predictions, this standard paradigm is modified in 

some of the studies. Hence, not only the N100 component is investigated but also the P200, 

the N2b and the P3a as  they allow the analysis of different subprocesses of generating 

forward predictions.   

The empirical part of the thesis contains four studies. Each study addresses one question 

concerning auditory forward predictions: The first study asks the question (Knolle et al., in 

review) whether auditory forward predictions hold specific information on acoustic features 

of the predicted sound. In order to address this question the standard paradigm is modified: A 

finger tap does not only initiate a standard sound but also a deviant sound. Deviants are 

produced with a lower probability (i.e., 30%), and they differ from standards in one feature 

(i.e., frequency). The results confirm that this is indeed the case. A prediction holds a 

representation of the sensation (e.g., frequency, onset, intensity). Depending on how 

specificly the representation is predicted, the N100-suppression effect is modulated (i.e., 

increased or reduced). Furthermore, if only one single feature is violated, the outcome of the 

prediction is affected as a prediction error is created. The prediction error, however, is more 

salient in self-initiated deviants compared to externally-produced deviants.  

The second study (Knolle et al., in prep. a), utilizing the same paradigm as the first study, 

concentrates on the question whether it is possible to apply auditory forward predictions to 

complex auditory stimuli, such as speech sounds. If so, are the predictions in response to a 

complex sound also specific? The results reveal that forward predictions are generated 

independently of the sound complexity as  the expected N100-suppression effects are shown 

in response to self-produced natural speech sounds (i.e., prerecorded vowels). Furthermore, 

the second study confirms that even in response to complex stimuli, predictions hold a 

concrete representation of the anticipated stimulus, which replicates the results of the first 

study.  

As generating forward predictions is a fundamental procedure, the third study (Knolle et al., 

2012) investigates what structure contributes to generating auditory forward predictions. 

Based on the literature which shows that the cerebellum contributes to motor-to-

somatosensory predictions (Wolpert et al., 1998), the third study speculates that the 
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cerebellum also contributes to generating motor-to-auditory predictions. The study compares 

10 cerebellar patients to 10 healthy, age and gender matched control subjects in the standard 

paradigm. In contrast to the healthy controls, cerebellar patients do not show an N100-

suppression effect, revealing a deficit in generating a prediction in response to a self-initiated 

stimulus. The results clearly indicate that the cerebellum is involved in generating auditory 

forward predictions.  

Replicating and extending the latter findings, the final study (Knolle et al., in revision) asks if 

cerebellar predictions are selectively generated only in response to self-initiated sounds by 

applying a forward model. In the experimental setup, self-initiated sounds are intermixed 

with externally-generated sounds. Indeed, the findings suggest that cerebellar predictions are 

produced selectively only in response to self-initiated sounds. This strongly confirms the 

assumption that the cerebellum generates auditory predictions by applying a forward model. 

In the discussion of the current thesis, the results of all four studies are summarized and a 

general approach towards cerebellar auditory forward predictions is provided. Although the 

literature provides some theoretical models in order to explain cerebellar predictive 

processing (Ito, 2008; Koziol & Budding, 2009; Ramnani, 2006), they often lack an 

experimentally verified foundation. However, the last two studies present experimental 

evidence on domain-independent cerebellar forward predictions, which are based on 

efference copies. Referring back to the threefold classification of cerebellar predictions 

proposed in the introduction, the results of the two studies provide evidence for the first type 

of cerebellar predictions. Furthermore, a more recent study (Knolle et al., in prep. c) is 

described which provides evidence that the cerebellum is also involved in generating sensory-

to-sensory predictions. These purely sensory predictions are based on a newly established 

internal representation (i.e., a visual cue triggers the auditory target), which confirm the 

second type of cerebellar prediction. Moreover, an additional study (Jakuszeit, in review) is 

presented that indicates the role of the cerebellum in forming predictions in higher-order 

processing, such as language perception. This study provides a convincing example for the 

third type of cerebellar predictions. 

Taken together, these results are in line with the notion of a modality-independent cerebellar 

internal model proposed by Ito (2008). Along the same lines, a dynamic comprehension 

model is proposed in this thesis, which considers predictive processing as one of its key 
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features: As soon as an ongoing dynamic signal is perceived and transmitted into the internal 

system an internal representation of the auditory input is established. Based on this internal 

representation a prediction concerning the upcoming input (i.e., the sensory consequences of 

the input) is generated. The predicted representation is compared to the actual representation 

extracted from the ongoing signal. This comparison may result in some conflict, ranging from 

a complete match to a complete mismatch. The model presents a dynamic process. Thus, as 

soon as the actual representation is extracted, a subsequent prediction is generated, which 

again is compared to the next actual representation. The ongoing process is constantly 

updated, which affects the extraction of the signal. 

The dynamic comprehension model is discussed in relation to an anatomical framework of 

speech perception provided by Kotz and Schwartze (2010). Although, the model provides a 

detailed description for optimal speech comprehension based on the generation of an internal 

representation, the model does not consider that the auditory speech signal is ongoing and 

dynamic, which means that internal representations are constantly established as the signal 

proceeds. In line with the argument of the thesis, it can be speculated that as soon as an 

internal representation is established by the cortex, it is transmitted via the pontine nuclei to 

the cerebellum. The internal representation is transmitted to the cerebellar forward model, 

which generates a prediction and prepares respective cortical areas for the expected input. 

Summarizing the main aspects of the current thesis, which investigates specific features and 

the potential generator of auditory forward predictions, it is shown that a prediction carries a 

specific representation of the to-be-predicted stimulus and that it is independent of stimulus 

complexity. Furthermore, the thesis proposes that the cerebellum contributes fundamentally 

to the generation of auditory forward predictions. Based on this finding, a threefold 

classification of cerebellar forward predictions is introduced, which distinguishes between 

sensorimotor, purely sensory as well as cognitive predictions. The current thesis offers a 

modality and complexity-independent understanding of cerebellar predictive processing.  

 

  



 



 

Zusammenfassung der Dissertation 

In unserer Umwelt sind wir konstant sensorischen Eindrücken ausgesetzt. Allerdings werden 

bei weitem nicht alle dieser Empfindungen tatsächlich von unserer Umwelt produziert, viele 

erzeugen wir selbst. Wie ist es aber möglich, dass wir eine sichere Unterscheidung zwischen 

fremd-initiierten und eigen-initiierten Empfindungen treffen können?   

Die Einleitung der vorliegenden Dissertation beginnt mit einem historischen Überblick. 

Dieser zeigt, dass in den letzten Jahrhunderten ein reges Interesse unterschiedlicher 

wissenschaftlicher Disziplinen an der Frage nach der Unterscheidung dieser beiden Typen 

sensorischer Empfindungen bestand. Anfänglich stand hierbei die Abgrenzung des Selbst 

(i.e., the self) von dem Externen (i.e., the other) im Vordergrund. Über die Jahre rückten 

spezifischere Fragen in den Fokus der Untersuchungen. So veröffentlichten von Holst und 

Mittelstädt (1950) in den 50er Jahren des vergangenen Jahrhunderts einen äußerst 

einflussreichen Artikel, in dem sie eine komplexe Theorie erarbeiteten. Diese ermöglichte die 

Unterscheidung der sensorischen Empfindungen auf Grund ihres Ursprungs.  Die Autoren 

stellten fest, dass Reafferenz-Signale (i.e., afferente, also aufsteigende, Aktivität, die von 

selbst-ausgeführten Bewegungen stammt) von Exafferenz-Signalen (i.e., afferente Aktivität 

resultierend aus externer Stimulation) unterschieden werden mussten. Weiterhin behaupteten 

sie, dass efferente, also absteigende, Motor-Kommandos auf Grundlage eines Efferenz-

Kopie-Signals im zentralen Nervensystem nachgeahmt und in den sensorischen Kreislauf 

eingespeist werden (von Holst & Mittelstädt, 1950).  

Zur gleichen Zeit, allerdings unabhängig von den beiden deutschen Wissenschaftlern, 

präsentierte der Amerikaner Sperry (1950) eine sehr ähnliche Hypothese, für die er sogar 

ähnliche Beispiele benutzte. Er gab an, dass ein sogenannter Corollary-Discharge-

Mechanismus nötig sei, um die sensorischen Konsequenzen von eigenen Bewegungen zu 

kompensieren. Die Kompensation entsteht zum Beispiel bei einer Kopfbewegung. Obwohl 

ein Positionswechsel des Auges stattfindet, wird ein statisches Bild der Umgebung 

wahrgenommen. Die Theorie impliziert, dass das Gehirn sensorische Konsequenzen der 

auszuführenden Handlungen prädiziert, die mit den tatsächlich eintreffenden sensorischen 

Empfindungen verglichen werden (e.g., Positionsänderung durch einen Richtungs- oder 

Geschwindigkeitswechsel). Das ist genau dann möglich, wenn sensorische Empfindungen 

prädizierbar sind, das heißt zum Beispiel selbst-generiert werden. Der Vergleich ermöglicht 

auch eine Korrektur der auszuführenden Handlung, im Fall dass die vorhergesagten 



174 Zusammenfassung der Dissertation 

 

sensorischen Konsequenzen nicht mit den tatsächlich eintreffenden sensorischen 

Empfindungen übereinstimmen. Somit liegt auch dieser Theorie die Unterscheidung 

zwischen dem Selbst und dem Externen zu Grunde.  

Die Konzepte der Efferenz-Kopie und des Corollary-Discharge-Mechanismus wurden in ein 

theoretisches Modell – das Vorwärts-Modell – aufgenommen (Wolpert et al., 2003). Wenn 

eine Efferenz-Kopie eines Motor-Kommandos in ein Vorwärts-Modell eingespeist wird, 

werden Vorhersagen (i.e., Prädiktionen) bezüglich der sensorischen Konsequenzen des 

Motor-Kommandos generiert (i.e., Corollary-Discharge). Die Prädiktionen werden dann an 

die entsprechenden kortikalen Areale gesendet, die so auf die tatsächlich eintreffende 

Empfindung vorbereitet werden. Durch die Vorbereitung wird weniger Energie für die 

Verarbeitung des ankommenden Signals benötigt. Dieser Prozess spart Ressourcen, die zur 

Verarbeitung extern-produzierter Informationen, also neuer und relevanter Informationen, 

verwendet werden können. Diese Art der Verarbeitung ist sehr effizient und stellt ein 

grundlegendes Prinzip der Arbeitsweise des Gehirns dar. In der auditorischen Verarbeitung 

etablierte sich eine Paradigma zum Vergleich von vorhersagbaren und nicht-vorhersagbaren 

Tönen (Schäfer & Marcus, 1973) – vorhersagbar sind solche Töne, die selbst-initiiert werden, 

wohingegen nicht-vorhersagbare Töne solche Töne sind, die extern produziert werden. Die 

Ergebnisse dieser EEG-Studie zeigten, dass vorhersagbare (i.e., selbst-produzierte) Töne eine 

in ihrer Amplitude unterdrückte N100, ein Ereignis-korreliertes Potential (EKP), auslösten, 

wenn man sie mit den EKPs nicht-vorhersagbaren (i.e., extern-generierten) Tönen verglich. 

Die unterdrückte Amplitude der N100 steht hierbei für einen geringeren Aufwand an 

Gehirnaktivität, da der Ton erfolgreich vorhergesagt wurde. Der Unterschied in den 

Amplituden der EKPs stellt also einen indirekten Beweis dafür dar, dass eine erfolgreiche 

Prädiktion in Bezug auf den selbst-produzierten Ton erstellt wurde. Allerdings finden sich in 

der Literatur nur wenige Informationen zu diesen auditorischen Vorwärts-Prädiktionen. 

Daher stellen sich die folgenden Fragen: Enthalten Prädiktionen spezifische Informationen 

des vorhergesagten Tons? Sind sie von der Komplexität des Stimulus abhängig? Werden sie 

tatsächlich nur in Bezug auf einen selbst-produzierten Ton generiert? Und schließlich, welche 

Gehirnstruktur erzeugt die Vorwärts-Prädiktionen? Diese Fragen werden in der vorliegenden 

Arbeit untersucht. 

Auf Grundlage der Literatur zeigt sich, dass das Zerebellum eine zentrale Rolle beim 

Generieren von Vorwärts-Prädiktionen spielt. Es wird spekuliert, dass das Zerebellum über 
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die Nuklei Pontis Informationen von allen kortikalen Regionen erhält (Schmahmann & 

Pandya, 1997). Daraufhin wendet es auf alle eintreffenden Informationen die gleichen 

Verarbeitungsschritte an, und sendet das Resultat – die Prädiktion – über den Thalamus 

zurück zu den entsprechenden kortikalen Regionen (Courchesne & Allen, 1997). Während 

die inferiore Olive die Arbeitsweise des Zerebellums moduliert, dient die kortiko-striato-

kortikale Schleife dazu, Regeln zu etablieren und die entsprechenden Informationen 

auszuwählen, welche dann zum Zerebellum geschickt werden (Koziol & Budding, 2009). Die 

vorliegende Arbeit führt drei Typen zerebellärer Prädiktionen ein. Im Detail wird 

vorgeschlagen, dass das Zerebellum Prädiktionen generiert, die (1) auf intrinsischen 

Repräsentationen (e.g., Vorhersagen auf Grundlage von Efferenz-Kopien von Motor-

Kommandos), die (2) auf extrinsischen Repräsentationen (e.g., Vorhersagen auf Grundlage 

von neu erlernten Mustern),  oder die sogar (3) auf hoch-komplexen, kognitiven 

Regularitäten basieren (e.g., Erschließen einer Regel im Sprachlernen).  

An den einleitenden Teil dieser Arbeit schließt sich ein Methodenteil an, in dem die für die 

Experimente verwendeten Paradigmen vorgestellt und erklärt werden, sowie die zur Analyse 

der Effekte herangezogenen EKPs. Zurückgehend auf Schäfer und Marcus (1973) werden in 

den Paradigmen zwei unterschiedlichen Arten von Tönen verglichen – diese Töne sind 

entweder selbst-produziert, das heißt, sie werden vom Versuchsteilnehmer durch einen 

Tastendruck ausgelöst, oder sie sind fremd-initiiert, das heißt, es wird eine Tonsequenz 

vorgespielt, die vorher aufgenommen wurde. Dieses Standard-Paradigma wird in drei 

Experimenten dieser Dissertation verändert, um besondere Eigenschaften sowie den 

potentiellen Erzeuger der Vorwärts-Prädiktionen zu untersuchen. Somit werden neben der 

N100 auch andere EKPs untersucht, die diese besonderen Eigenschaften beleuchten (i.e., 

N100, P200, N2b, P3a). 

Der empirische Teil der Dissertation enthält vier Studien: Die erste Studie (Knolle et al., in 

review) beschäftigt sich mit der Frage, ob auditorische Vorwärts-Prädiktionen eine 

spezifische Repräsentation des vorhergesagten Tons enthalten. Um dieser Frage 

nachzugehen, wurde das Standard-Paradigma erweitert: Neben den Standard-Tönen werden 

auch Devianten durch einen Tastendruck erzeugt. Die Devianten treten mit einer geringeren 

Wahrscheinlichkeit auf (i.e., 30%) und unterscheiden sich von den Standard-Tönen in einer 

Eigenschaft (i.e., sie sind höher oder niedriger). Das Ergebnis bestätigt, dass eine spezifische 

Vorhersage getroffen wird, die eine konkrete Repräsentation der unterschiedlichen 
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Eigenschaften (e.g., Frequenz, Einsatz, Lautstärke) des vorhergesagten Tones enthält. Je 

nachdem wie genau die Vorhersagen getroffen werden, verstärkt sich die Suppression der 

N100. Bereits eine einzige falsch vorausgesagte Eigenschaft beeinflusst die Amplitude der 

N100, da an dieser Stelle ein Prädiktionsfehler (i.e., prediction error) vorliegt. Dieser ist 

jedoch auffallender in selbst-erzeugten Devianten, verglichen mit einem extern-erzeugten 

Devianten. 

Die zweite Studie (Knolle et al., in prep. a) benutzt das gleiche Paradigma wie die erste 

Studie. Sie befasst sich mit der Frage, ob auditorische Vorwärts-Prädiktionen auch für 

komplexe Stimuli, wie zum Beispiel Sprach-Stimuli generiert werden, und ob die 

Prädiktionen auch bezüglich komplexer Stimuli spezifisch sind. Das Ergebnis der Studie 

zeigt, dass Vorwärts-Prädiktionen unabhängig von der Komplexität des Stimulus erzeugt 

werden. Der erwartete N100-Suppressionseffekt tritt demnach auch für natürliche, 

individuelle Sprachstimuli (i.e., vorher aufgenommene Vokale) auf. Außerdem bestätigt die 

zweite Studie, dass auch im Bezug auf komplexe Stimuli spezifische Prädiktionen generiert 

werden, das heißt, die Prädiktionen enthalten eine konkrete Repräsentation des 

vorhergesagten Stimulus.  

Da das Generieren einer Vorwärts-Prädiktionen ein fundamentaler Prozess ist, untersucht die 

dritte Studie (Knolle et al., 2012), welche Gehirnstruktur zum Erstellen der Prädiktion 

beiträgt. Die Literatur zeigt, dass das Zerebellum Prädiktionen in der Motorik formt (Wolpert 

et al., 1998). Auf Grundlage dieser Erkenntnisse untersucht die dritte Studie dieser 

Dissertation die Rolle des Zerebellums beim Generieren auditorischer Vorwärts-Prädktionen. 

Dafür wurden 10 zerebelläre Patienten mit 10 gesunden Kontrollprobanden in dem Standard-

Paradigma verglichen. Im Vergleich mit gesunden Kontrollprobanden, zeigen die 

zerebellären Patienten keinen N100-Suppressionseffekt. Dies macht deutlich, dass die 

Patienten ein Defizit beim Erstellen der Vorhersagen haben. Das Ergebnis untermauert, dass 

das Zerebellum in der Tat zum Erstellen auditorischer Vorwärts-Prädiktionen beiträgt.  

Die vierte Studie (Knolle et al., in revision) fragt, ob die auditorischen Prädiktionen des 

Zerebellums tatsächlich nur für selbst-initiierte Töne generiert werden, in dem ein Vorwärts-

Modell angewendet wird.  Zusätzlich repliziert sie die Ergebnisse der dritten Studie. Im 

Experiment werden selbst-initiierte Töne mit extern-erzeugten Tönen gemischt. Tatsächlich 

suggeriert das Ergebnis, dass zerebelläre Vorhersagen nur in Bezug auf selbst-generierte 
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Töne gebildet werden. Das Ergebnis bestätigt die Annahme, dass das Zerebellum eine 

fundamentale Rolle beim Erstellen von Vorwärts-Prädiktionen spielt. 

Im Anschluss an den experimentellen Teil der Dissertation werden die Ergebnisse der vier 

Studien noch einmal zusammengefasst und schließlich diskutiert die Arbeit einen generellen 

Erklärungsansatz der zerebellären, auditorischen Vorwärts-Prädiktion.  Zwar weist auch die 

Literatur erste Ansätze zur theoretischen Erklärung der prädiktiven Wirkungsweise des 

Zerebellums auf (Ito, 2008; Koziol & Budding, 2009; Ramnani, 2006), allerdings fehlen 

diesen zumeist die experimentellen Belege. Im Gegenzug dazu bieten die beiden letzten 

vorgestellten Studien einen Nachweis dafür, dass das Zerebellum auditorische Vorwärts-

Prädiktionen auf Basis einer Efferenz-Kopie generiert. Zurückgehend auf die Dreiteilung 

zerebellärer Prädiktionen, die in der Einleitung der Arbeit angeführt wurde, stellen diese 

beiden Studien einen experimentellen Nachweis für den ersten Typ zerebellärer Prädiktion 

dar. In einer jüngeren Studie (Knolle et al., in prep. c) war es zudem möglich, zu zeigen, dass 

das Zerebellum auch rein sensorische Vorhersagen (i.e., sensory-to-sensory) formt. Diese rein 

sensorischen Prädiktionen basieren auf neu etablierten internen Repräsentationen (i.e., ein 

visueller Hinweis kündigt einen auditorischen Stimulus an). Diese Studie bestätigt den 

zweiten Typ zerebellärer Prädiktion. Des Weiteren wird eine Studie angeführt (Jakuszeit et 

al., in review), die einen Beleg für den dritten Typ zerebellärer Prädiktionen bietet. Darin 

wird die Rolle des Zerebellums beim Erstellen von Vorhersagen höherer Ordnung, wie sie in 

der Sprachverarbeitung nötig sind, deutlich.  

Zusammengenommen bestätigen die Ergebnisse dieser Dissertation die Annahme, dass das 

Zerebellum modalitätsunabhängige Vorwärts-Prädiktionen generiert (Ito, 2008). Darauf 

basierend wird ein dynamisches Modell der Sprachverarbeitung vorgestellt, welches das 

Generieren von Prädiktionen als fundamentalen Prozess aufnimmt: Sobald ein dynamisches, 

kommunikatives Signal präsentiert und verarbeitet wird, etabliert sich eine interne 

Repräsentation. Basierend auf dieser internen Repräsentation, wird eine Vorhersage 

bezüglich des nächsten Signals generiert (i.e., die Vorhersage enthält die sensorischen 

Konsequenzen des vorhergesagten Stimulus). Die vorhergesagte Repräsentation wird mit der 

tatsächlichen Empfindung des nächsten Signals verglichen, was zu einem Konflikt (i.e., 

mismatch) führen kann. Das Modell präsentiert einen dynamischen Prozess: Auf Grundlage 

der tatsächlichen Empfindung wird eine erneute Vorhersage zum Fortlauf des Signals 

erzeugt, die dann wieder mit dem eigentlich eingehenden Signal verglichen wird. Dieser 
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fortlaufende Prozess aktualisiert und verbessert das interne System, welches die 

Repräsentationen erstellt, wodurch wiederum der gesamte Prozess verbessert wird. 

Im Anschluss wird das funktionale Modell in Bezug zu einem anatomischen Modell der 

auditorischen Sprachverarbeitung (Kotz & Schwartze, 2010) gesetzt. Das anatomische 

Modell bietet eine detaillierte Beschreibung des optimalen Sprachverstehens, das auf dem 

Erzeugen interner Repräsentationen beruht. Allerdings wird in diesem Modell nicht 

berücksichtigt, dass das auditorische Sprachsignal dynamisch ist. Es wird daher 

vernachlässigt, dass intern generierte Repräsentationen dafür genutzt werden, die tatsächlich 

eintreffenden Informationen vorherzusagen. Im Sinne dieser Arbeit lässt sich vermuten, dass 

sobald eine interne Repräsentation im Kortex etabliert ist, diese über die Nuklei Pontis an das 

Zerebellum weitergeleitet wird. Dort dient sie als Vorlage für eine Prädiktion, die über den 

Thalamus zurück an den Kortex gesendet wird. 

Zusammenfassend lässt sich sagen, dass diese Arbeit auditorische Vorwärts-Prädiktionen im 

Detail untersucht. Es wird gezeigt, dass diese spezifische Informationen der vorhergesagten 

Stimuli tragen. Außerdem sind sie unabhängig von der Komplexität des Stimulus. Des 

Weiteren bietet die Arbeit einen experimentellen Beleg dafür, dass das Zerebellum dazu 

beiträgt diese Vorwärts-Prädiktionen zu erzeugen. Darauf aufbauend wird eine Dreiteilung 

der zerebellären Prädiktionstypen eingeführt. Sie besagt, dass das Zerebellum sowohl bei 

dem Generieren von sensomotorischen und rein sensorischen Prädiktionen, aber auch beim 

Erzeugen von Prädiktionen höherer-kognitiver Prozesse involviert ist. 
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Predictions generated via a forward model have been widely studied over the past four 

decades. However, only little is known about the features of auditory forward predictions. 

Thus, the aim of the current thesis was to investigate certain features to provide a more 

complete picture of how auditory forward predictions are generated. In Chapters 1 and 2, a 

theoretical framework sheds light on some general assumptions, concepts and principles 

relevant for understanding predictive processing, such as the efference copy and the corollary 

discharge mechanism, as well as internal models, experimental paradigms and measurement. 

In Chapter 3, the empirical part of the thesis, four studies are presented which provide 

answers to four questions concerning auditory forward predictions: First, do auditory forward 

predictions hold concrete and specific information on features of the predicted sound, such as 

frequency? Second, can auditory forward predictions be applied to complex auditory stimuli, 

such as speech sounds? Third, where are auditory forward predictions generated – in the 

cerebellum? And finally, if so, are cerebellar predictions selectively generated only in 

response to self-initiated sounds by applying a forward model? Broken down to the key 

points, the four studies of this thesis state that auditory forward predictions are (1) specific – 

in other words they hold a concrete representation of the stimulus that is predicted; (2) 

independent of stimulus complexity; (3) selectively generated in response to self-initiated 

sounds; and (4) most likely generated in the cerebellum which applies a forward model. 

Chapter 4 discusses the results of the four studies in relation to additional experimental work. 

Taken together, this thesis provides evidence that the cerebellum generates forward 

predictions in the sensorimotor, purely sensory, and cognitive processing. 
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