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 ABSTRACT (EN) 

As part of the EASE CRC for the development of robots capable of autonomously 

performing everyday activities inspired by human abilities of spatial interaction and 

information processing, an fMRI study with 30 participants was conducted using a 3 Tesla 

Skyra MR-scanner. Stimulus material consisted of 1st-person videos of table setting 

activities that were annotated according to ontological event categories and that 

participants viewed imagining being the acting protagonist of the presented events, 

employing the brain’s inherent capabilities of motor imagery and action observation in 

order to closely simulate real word interaction on a neuronal level. 

Resulting data were analyzed through General Linear Model (GLM) and Independent 

Component Analyses (ICA).  

Through GLM-analyses, an event dependent allocation of neuronal activity was observed 

for event categories of object interaction and navigation, with a common baseline activity 

encompassing a network of executive functions in the frontal lobe combined with 

extensive activation in the occipital-, temporal- and parietal lobes within areas responsible 

for object recognition, interaction, and spatial cognition. Recruitment of supplementary 

areas was dependent on the experienced event category, with object interaction events 

resulting in increased activity within frontal areas as well as object identity- and action-

related functions of the temporal and parietal lobes. Events of navigational context 

activated areas in the temporal-, parietal- and limbic- and occipital lobes responsible for 

topographical memory, spatial navigation, and whole-scene perception.  

ICA found task-relevant components based on their temporal correlation with event 

categories, and the spatial characteristics of these components in relation to neuronal 

activity complemented results from the GLM-analyses. The waveform of selected 

components was furthermore used as basis for exploratory, semi-automated event 

recognition scripts.  

Summarized, overall results could clearly demonstrate the viability of extracting event-

related brain activity from complex, naturalistic stimuli.  
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 ABSTRACT (DE) 

Im Rahmen des EASE SFB mit dem Ziel der Entwicklung von Robotern mit Befähigung 

zur autonomen Erfüllung alltäglicher Aufgaben, basierend auf menschlichen Fertigkeiten 

zur räumlichen Interaktion und Informationsverarbeitung, wurde eine fMRI Studie mit 

30 Proband*innen mittels eines 3 Tesla Skyra MR-Scanners durchgeführt. 

Stimulusmaterial bestand aus Tischdeckvideos aus der Ich-Perspektive, die aufgrund 

ontologischer Ereigniskategorien annotiert wurden und die Proband*innen mit der 

Vorstellung, anschauten, selbst ausführende*r Protagonist*in zu sein und somit dem Hirn 

inhärente Fähigkeiten in Bezug auf Motor Imagery und Aktionsbeobachtung anwendeten 

um eine möglichst realistische Simulation von Interaktion in der realen Welt auf 

neuronaler Eben herzustellen. 

Resultierende Daten wurden mit Hilfe des General Linear Models (GLM) und 

Independent Component Analysen (ICA) analysiert. GLM-Analysen zeigten eine 

Zuordnung neuronaler Aktivität zu Ereigniskategorien aus Objektinteraktion und 

Navigation mit gemeinsamer Basisaktivität in einem Netzwerk exekutiver Funktionen im 

Frontallappen, kombiniert mit extensiver Aktivität in den Occipital-, Temporal- und 

Parietallappen verantwortlich für Objekterkennung, Interaktion und räumliche 

Wahrnehmung. Rekrutierung weiterer Areale erfolgte in Abhängigkeit der erlebten 

Ereigniskategorie, wobei Objektinteraktion in erweiterter Aktivität in frontalen Regionen 

sowie objektidentitäts- und handlungsbezogenen Regionen in den Temporal- und 

Parietallappen resultierte. Ereignisse mit Navigationsbezug führten zu erweiterten 

Aktivitätsmustern in Arealen der Temporal-, Parietal- und Occipitallappen sowie des 

limbischen Systems mit Bezug zu topographischem Gedächtnis, räumlicher Navigation 

sowie ganzheitlicher Szenenwahrnehmung. 

ICA Resultate zeigten relevante Komponenten aufgrund zeitlicher Korrelation zu 

Ereigniskategorien. Räumliche Charakteristika dieser Komponenten in Bezug auf 

neuronale Aktivität gaben ein komplementäres Bild zu den Ergebnissen der GLM-

Analysen. Signalverläufe ausgesuchter Komponenten wurden zudem als Basis für 

exploratorische, semi-automatische Ereigniserkennungsskripte genutzt. 

Zusammenfassend zeigten Studienresultate klar die Realisierbarkeit der Extrahierung 

ereignisbasierter Gehirnaktivität aus komplexen, naturalistischen Stimuli. 
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 INTRODUCTION  

1-1 SERVICE ROBOTS: A BRIEF OVERVIEW 

A definition by the Fraunhofer Institute for Manufacturing, Engineering and Automation 

from the last decade of the 20th century characterized a service robot as “a freely 

programmable kinematic device which performs services semi- or fully automatically” 

and services as “tasks which do not contribute to the industrial manufacturing of goods 

but are the execution of useful work for humans and equipment” (Schraft, 1994). While 

further attempts of defining these particular robotic agents have been made, especially 

with higher focus on the autonomy aspect (for an overview, see: Haidegger et al., 2013), 

this early characterization with its distinction from industrial robots still holds true today. 

 

The field of service robots has seen a tremendous diversification in models and 

applications, within its two main branches. The first branch, constituting professional 

service robots, encompasses robotic agents used in domains such as construction, 

inspection, professional cleaning, medical assistance, logistics, field robotics as well as 

rescue-, security- and military applications. Personal service robots form the second 

branch and find their role in areas of personal entertainment and companionship, elderly 

and handicap assistance as well as domestic tasks such as house cleaning and security 

(International Federation of Robotics, 2017). From a business perspective, the field has 

seen a tremendous growth over the recent years as manifested in steady year over year 

increases in supplied units (e.g.: Karabegović & Doleček, 2017), with latest sales numbers 

of professional service robots at 173.000 units for the year 2019 with a 32% year over 

year increase and personal service robots fulfilling domestic and household tasks at 18.6 

million units with a year over year increase of 40% (International Federation of Robotics, 

2020). 

Despite a general fear of job loss caused by their deployment in professional sectors, 

public’s perception towards service robots can be considered neutral to positive, and it is 

primarily shaped by the intended use case, with the highest level of acceptance usually 
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found for robots which carry out tasks that are either dangerous, hard, or repetitive (Arras 

& Cerqui, 2005; Ray et al., 2008). 

Examples of today’s professional service robots can be found in automated guided 

vehicles that have taken over many transport processes at manufacturing and assembly 

sites, cargo handling centers and storage facilities (for a review, see: Karabegović et al., 

2015) as well as in field robots that are deployed in the agriculture sector, put to use in 

roles such as autonomous harvesters (Reid et al., 2016). Medical assistance systems aid 

surgeons with minimal invasive surgeries (e.g.: Ballantyne & Moll, 2003), and robotic 

exoskeletons find first applications in augmentation, disability assistance and 

rehabilitation (for a review, see: Young & Ferris, 2017). Professional service robots are 

also tested in frontline fields with direct customer interaction where they fulfill first 

simple jobs at reception desks or in restaurants (e.g.: Belanche et al., 2020). Furthermore, 

the military sector makes extensive use of robots, be it through non-armed, tele-operated 

bomb disposal robots (e.g.: Lisle, 2020) or through semi-autonomous, armed drones 

(Zegart, 2020). Today’s domestic personal robots are usually found in the shape of small 

machines employed for a specific task which usually consists of acting on a certain kind 

of flat surface, as it is the case for automated floor or window cleaning robots or lawn 

mowing robots (for a review, see: Kim et al., 2019). 

1-2 THE CASE FOR THE AUTONOMOUS MULTI-PURPOSE 

PERSONAL SERVICE ROBOT 

While today’s service robots are used in a variety of fields, they are still either specialized 

for one specific job in which they can act with relative autonomy or have to rely on a 

considerable level of human monitoring and control, if they are to execute more 

generalized tasks. For many purposes, this level of specificity can be sufficient or even 

wanted, e.g., in case of automated guided vehicles that handle standardized shipping 

containers in a highly ordered and predictable environment or in case of exoskeletons that 

are controlled by human biosignals. However, in other fields, be it commercial 

applications such as search and rescue operations (Kruijff et al., 2012) or personal 

applications, more generalized autonomous robots would be the natural next 

developmental step. 



Introduction 

3 
 

For personal service robots, domestic robots seem a promising field for future research. 

This notion is supported by studies and questionnaires regarding service robots which 

often indicate most wanted functions in the domain of general household attendance, 

including handling of heavy objects and taking care of rather boring and repetitive chores, 

especially in terms of cleaning. (Arras & Cerqui, 2005; Ray et al., 2008). The main 

requirement, as identified in a review by  Jones & Schmidlin (2011), is thereby the ability 

to execute a variety of complex functions either independently or in cooperating with the 

user. 

Furthermore, an often requested role for domestic service robots is found in their 

deployment not only for means of general convenience but in assisting people for whom 

everyday household chores pose a great problem and who could use these robots to keep 

or regain a higher level of independence (Arras & Cerqui, 2005; Ray et al., 2008). 

While such problems can be caused by a variety of factors, one that will inevitably affect 

everyone someday is advanced age. Globally, societies are showing a trend towards a 

higher percentage of older people with approximately 703 million persons aged 65 years 

and above in 2019, including 143 million persons over the age of 80, with a prognosis of 

doubling of the first number to an expected 1.5 billion, and a tripling of the second number 

to 426 million by the year 2050 (United Nations Population Division | Department of 

Economic and Social Affairs, 2019).  

Due to this age shift in combination with other societal factors, an increasing number of 

elderly people will inevitable be confronted with problems in their households. For 

example, appliances and household items that can be operated easily by healthy young 

people can be hard to use for elderly people, potentially leading to troubles with personal 

hygiene, less healthy eating habits or resulting hazardous situations (Forlizzi et al., 2004). 

This will inevitably confront older persons with the decision whether they would be able 

to stay in their homes or move an assisted living facility, should no family be present or 

professional full-time caregiver be affordable to assist them in their domestic 

environment. 

Given enough sophistication and working in tandem with technologies such as wearable 

walk assistant systems (Lee et al., 2017; Shimada et al., 2009), autonomous, multi-

purpose personal service robots could be a much needed piece of the puzzle to enable 

elders to stay independent for much longer than deemed possible by today’s standards. 
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However, for this to be realized, the status quo of employing highly specialized machines, 

even with functions beyond today’s surface cleaning robots, would prove insufficient, 

considering the sheer volume of different robotic agents needed to fulfill the range of 

even the most common everyday household chores. 

1-2-1 CHALLENGES & REQUIREMENTS 

In order to successfully perform their tasks, the majority service robots must be able to 

operate in much less well defined and controlled environments compared to industrial 

robots or robots performing within laboratory settings, where the world state can be kept 

simple and static to ensure some form predictability (Kemp et al., 2007; Moon & Virk, 

2009).  

This is especially important for personal service robots that have to perform in peoples’ 

homes. These not only differ in their exact arrangement when comparing between homes 

but are also designed for the human anatomy, leading to various environmental obstacles 

for the robot. They further include items of various materials and forms and go through 

constant changes on short and long timescales caused by rearrangements and 

replacements of e.g., furniture and kitchen appliances or simply by to the messy and 

unpredictable habits of the human residents. Furthermore, robots will often not be alone 

during their tasks and will therefore have to account for human actors and their needs in 

terms of space as well as timely execution (Kemp et al., 2007). Domestic robotic agents 

must be able to adapt to all of these factors and carry out their tasks with a high degree of 

autonomy, since, in contrast to professional applications, it cannot be assumed that a 

trained operator is present who could intervene on short notice. 

Next to environmental factors, requirements and challenges for the robotic agents are 

shaped by the activities to be performed within the environment and the translation of 

user-commands into these activities. A typical household task is thereby classified as an 

everyday activity which in turn can be defined as: “a) a complex task that is both common 

and mundane to the agent performing it; b) one about which an agent has a great deal of 

knowledge, which comes as a result of the activity being common and is the primary 

contributor to its mundane nature; and c) one at which adequate or satisficing performance 

rather than expert or optimal performance is required.” (J. E. Anderson, 1995).  
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For an everyday activity such as a typical household task, perfect execution is thus usually 

not needed for successful completion. For example, in a scenario such as setting a table, 

the placement of the cutlery does not have to be consistent within a sub-centimeter range, 

and errors made during execution would generally not lead to some catastrophic failure 

state that cannot be corrected in a later step.  

Due to their relative complexity, everyday activities can however pose a variety of 

problems for a robotic agent. To stay within the table setting example, the robot would 

first have to infer its action plans from its given task instructions, which, to make the 

robot usable by a sizable percentage of the population, would have to come in a high-

level form like “set up the table for dinner.” Through their generalized nature, these 

instructions are inherently underdetermined (Beetz et al., 2018), so the state that has to be 

reached in order for the task to be considered complete as well as the correct action 

sequence to reach this state are rather ambiguous and highly context sensitive, so the robot 

could not simply rely on a database of plans with fixed motion parameters for each 

instruction (Beetz et al., 2012).  

In order to succeed, it would rather have to determine what kind of and how many items 

would be needed for a dinner, where to get these items and where to put them. It would 

then have to generate a plan consisting of several sub-plans leading to a concrete end-

state, find the most appropriate sequence in which to tackle all of them and decide on a 

myriad of sub-plan specific control routines, e.g., incorporating factors such as grasp 

position and force in case of picking up and item (Beetz et al., 2012; Mueller et al., 2007).  

 

For all of this, the robot needs to possess a great deal of knowledge about the activities to 

be performed, and this knowledge would have to span several domains such as naïve 

physics knowledge to make predictions about the behavior of the world and its 

constituting objects (Kunze et al., 2011) as well as common sense knowledge in order to 

deduct factors such as positions of stored items in human kitchens or preferred item 

placement for a table setting (Gupta & Kochenderfer, 2004). Provided it was equipped 

with appropriate reasoning and planning systems, the robot could now use this knowledge 

to contextualize subsets of it to the task at hand and make informed predictions about the 

outcomes of its actions as well as subsequently construct and compare causative action 

sequences (Beetz et al., 2018). 
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1-3 THE MULTIDISCIPLINARY APPROACH OF THE EASE CRC 

The collaborative research center for Everyday Science and Engineering (EASE CRC; 

https://ease-crc.org) was established at the University of Bremen to tackle the challenge 

of developing autonomous robotic agents that can act independently or cooperate with 

humans in complex environments, performing everyday activities with an early focus on 

kitchen related tasks.  

The project is based on the paradigm of cognition enabled robot control in which robotic 

agents are developed to follow principles of human information processing and, instead 

of adhering to preprogrammed routines, are equipped with systems for self-reflective 

reasoning and planning through which they infer their action plans based on a large array 

of prior knowledge (Beetz et al., 2012, 2018). 

The cognitive architecture of the EASE CRC consists of interdependent subsystems 

covering the perception- (Beetz, Balint-Benczedi, et al., 2015), action- (Fang et al., 2016), 

and plan executives (Beetz et al., 2010), as well as knowledge representation and 

reasoning, with reasoning systems working not only on belief-states and environmental 

observations but also on the realized plans themselves, resulting in a self-reflective meta-

cognition (Beetz et al., 2018, 2010; Tenorth & Beetz, 2013). 

The underlying knowledge needed for these reasoning systems comes from diverse 

sources and is, just as its human counterpart, mainly based on experience. While some of 

this experience stems from the robots’ own actions in real and simulated worlds, another 

central pillar of the robots experience consists of human actions in real and virtual 

environments (Beetz, Tenorth, et al., 2015). Regardless of source, experience data are 

stored as narrative-enabled, episodic memories (NEEMs) and uploaded to a central 

knowledge hub, the NEEMHub (Beetz et al., 2018; Beetz, Tenorth, et al., 2015).  

Each NEEM thereby consists of a NEEM experience and a NEEM narrative. The NEEM 

experience is the sub-symbolic part of the memory, existing as a low-level recording of 

an event such as picking up a knife, and it can encompass different modalities like 

percepts in form of audio and video recordings or internally generated signals such as 

motion data. The NEEM narrative is the corresponding symbolic description of the 

respective event based on a project-wide shared SOMA ontology (Beßler et al., 2020), 

providing detailed information about what is happening during the event. Because of this 

linkage between symbolic and sub-symbolic data, the robot is able to query experience 
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based common sense and naïve physics knowledge from past events that have a context 

specific importance for the current task and reason about factors such as events’ failure 

or success states leading to the subsequent generation of novel plans. (Beetz et al., 2018; 

Krieg-Brückner et al., 2020).  

Furthermore, NEEMs are mathematically processed to derive common lower-

dimensional spaces for actions covering a certain context, such as picking up a fork, 

leading to pragmatic everyday activity manifolds (PEAMs) which form the basis of 

robots’ stereotypical responses to a particular demand, in this case a general motion 

sequence for fork picking. Only through a battery of these dimensionally reduced 

‘approximations’ that only need a certain degree of fine-tuning during execution, real 

time environmental interaction within the context of everyday activities becomes 

computationally feasible. NEEMs and their derived PEAMs are therefore the backbone 

of the EASE cognitive architecture and the basis of the robots’ generative models from 

which context specific-motions plans are built (Beßler et al., 2020; Mason et al., 2020). 

1-3-1 MULTIMODAL HUMAN BIOSIGNALS 

As the role models for cognition enabled robot control, humans are extraordinarily clever 

when it comes to dealing with manipulation tasks of the scope of everyday activities. On 

a first glance, this advantage over today’s robots could simply stem from a more 

sophisticated motor dexterity and variability facilitated by the human anatomy, best 

expressed by the human hand and its complex anatomical structure and neuromuscular 

innervation (Taylor & Schwarz, 1955). However, experiments with teleoperated robots 

have shown that humans are able to successfully perform complex manipulation tasks 

with a speed and flexibility far above robot level with just crude grippers and a 

rudimentary control interface (Sian et al., 2006), suggesting a major contribution of 

human cognitive capabilities to their mastery of everyday activities. 

Since its conception, a cornerstone of the EASE CRC has therefore been the dedicated 

research area H for the development of descriptive models of human everyday activities, 

with several subprojects recording humans performing tasks within a broader kitchen-

related context. Experiments of area H thereby encompass both real world as well as VR 

environments and span a range of scenarios and timescales. 
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For example, on a smaller timescale, human adaptivity based on sensorimotor loops is 

assessed through VR experiments involving fine grained recordings of kinematic control 

of atomic actions and their modulation through multimodal sensory information, leading 

to the EASE Manipulation Adaptivity Dataset (EASE-MAD) (Maldonado Cañón et al., 

2019; Mason et al., 2020)  

On a larger timescale, human strategies, associated motion parameters and biosignals 

during complex table setting trials are recorded and collected in the multimodal EASE 

Table Setting Dataset (EASE-TSD). Corresponding experiments have participants 

perform table setting trials within different scenarios such as breakfast and dinner with 

further inter-trial variations, e.g., in number of dinner guests, while their motions and 

object interactions are tracked in 3D space. Coupled with recordings pertaining to a range 

of additional biosignals such as mobile eye tracking, electromyography (EMG), and 

electroencephalography (EEG) as well as either concurrent or retrospective think aloud 

protocols of participants’ actions, this results in a time aligned, multimodal dataset of 

human everyday activity (Mason et al., 2018). Coupled via coordinated studies in the first 

phase of EASE (Schultz et al., 2021), selected videos of table setting trials from the 1st-

person perspective are furthermore used in sessions of functional Magnetic Resonance 

Tomography (fMRI) and high density multi-channel EEG recordings, with brain derived 

datasets not only adding to the dimensionality of the multimodal EASE-TSD through the 

complementary EASE-fMRI database but offering unique avenues of human activity 

analysis and description (Mason et al., 2020). 

Recordings from different laboratories are processed within the EASE human activities 

data analysis pipeline, as shown in figure 1-1, that provides the framework for the 

information transfer from human-derived knowledge into a robot compatible form. 

Recorded multimodal datasets are converted to appropriate formats and uploaded into the 

NEEMHub. Forming the multimodal NEEM experiences, they are partitioned and linked 

to corresponding NEEM narratives by semantic annotation rules provided by the SOMA 

ontology through interconnected systems of manual annotation and automated activity 

recognition based on multiple modalities. Automated systems hereby work on a specific 

modality or make use of a larger subset through means such as convolutional neural 

networks (Gadzicki et al., 2020; Mason et al., 2020). 
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Figure 1-1: The EASE human activities data analysis pipeline. ©2021 Cognitive Systems Lab 

Systems within the pipeline also provide the necessary basis for the analyses of resulting 

NEEMs and the successive derivation of PEAMs which robotic agents will both query 

from the NEEMHub according to their context specific needs in order to feed into their 

generative models. Furthermore, stemming from insights gained by these systems and 

their development, not only NEEMs and PEAMs are generated, but knowledge about 

underlying descriptive models of human activity is gained, leading to deeper 

understanding of the cognitive abilities that enable humans to master everyday activities 

(Mason et al., 2020). 

1-3-1-1 HUMAN BRAIN ACTIVITY INTERFACING ROBOT COGNITIVE 

ARCHITECTURE 

Human neuroimaging recordings via EEG and fMRI are employed in area H to gain a 

direct insight into human information processing and the characteristics of the neuronal 

control system for everyday activities, offering a unique contrast to other sensor 

modalities that mainly measure the final outcome of these processes in form of muscle 

activity. Obtained data therefore are, despite a multitude of unanswered question 

regarding the intricacies of human brain function, the most direct equivalent to the robots’ 

control signals and could therefore be used as an interface to the robots’ systems, 

especially regarding perception and action as well as planning and reasoning. 

Within the current phase of EASE, datasets were primarily recorded through fMRI due 

to its ability of whole brain imaging with high spatial resolution (Constable, 2006) and 

subsequently analyzed via statistical methods to investigate brain activity for its 

spatiotemporal correlation with presented NEEMs or groups of NEEMs within the same 
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semantic context. If meaningful data were derived from these studies, this would allow 

for the description of distinct activity patterns and their underlying brain functions for 

different NEEMs, characterized through factors such as size, complexity, and interplay 

of neuronal networks. It would further, if done for semantically similar groups of NEEMs, 

elucidate the brain’s inherent ability of generalization, providing clues about possible 

methods for deriving PEAMs from NEEMs.  

Adding to this, the level of spatiotemporal correlation of brain activity with NEEM 

categories would cross-validate the current SOMA ontology and endow it with a measure 

of neuronal accuracy for its current categories. Activity waveforms of brain areas with 

high spatiotemporal correlation to certain NEEM categories would also be an additional 

basis for the development of algorithms that predict and semi-automatically describe and 

annotate perceived NEEM categories within presented video material (Mason et al., 

2020). 

In later phases, fMRI-constrained source analyses of EEG data could then be employed 

based on seed regions gained from the spatial activation patterns found in the fMRI results 

(Trautmann-Lengsfeld et al., 2013), adding a finer-grained temporal resolution to these 

brain processes (Mason et al., 2018). 

Summarized, the EASE human activities data analysis pipeline would profit from 

neuroimaging recordings in two ways: First, unprocessed as well as statistically processed 

datasets would extend NEEM dimensionality, enriching the multimodal datasets and 

improving the general knowledge base of the robotic agents as well as giving a larger 

pool of information for PEAM derivation. This higher dimensionality would also benefit 

the automated multimodal activity recognition systems of the EASE pipeline, leading to 

more precise descriptive models of human everyday activity by providing a larger data 

pool to work with.  

Second, models and algorithms gained from statistical analyses of brain function would 

provide systems of activity recognition via neuronal signals, either as stand-alone 

solutions or in conjunction with artificial neural networks. Furthermore, they would 

improve systems that derive PEAMs from NEEMs, and would enrich the SOMA 

ontology with a measure of neuronal accuracy. 
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1-3-1-2 FMRI BASICS AND FEASIBILITY FOR MODELING OF 

EVEYDAY ACTIVITIES 

Neuroimaging studies were primarily conducted via fMRI in the first phase of the project, 

and only subsequent analyses will add a further dimension of EEG derived knowledge. 

Functional Magnetic Resonance Imaging is based on the principles of MRI, in which 

magnetic fields of high intensity are employed to differentiate between materials and 

tissues within a scan volume. This is facilitated through the effect of nuclear induction, 

which arises from the stimulation of nuclei with a certain magnetic moment and spin 

within the magnetic field via sequences of radiofrequency pulses and the nuclei’s 

subsequent relaxation (Frauendorf, 1981; McRobbie et al., 2006; Pykett, 1982; Rosen, 

1951; Wang & Chang, 2007).  

FMRI in particular measures the blood oxygenation state of a tissue via the magnetic 

characteristics of hemoglobin which, when it has bound an oxygen molecule, shows no 

magnetic moment but is paramagnetic when deoxygenated (Pauling & Coryell, 1936), 

and a rise in blood oxygenation level is accompanied by an increase in signal strength 

(Ogawa et al., 1990b). This blood oxygen level dependent (BOLD) contrast thus allows 

the indirect observation of physiological events such as increased neuron activity during 

a presented stimulus (Ogawa et al., 1990a) that lead to a delayed increase in oxygenation 

level due to a proposed overcompensation of the neurons’ metabolic needs though 

increased cerebral blood flow, also known as hemodynamic response (Afonso et al., 

2007; Buxton et al., 2004; Malonek & Grinvald, 1996). The resulting time series of 

subsequently acquired of 3D volumes of intensity coded voxels are then preprocessed 

with functions such as motion correction (for an overview, see: Mumford et al., 2011) 

and can ultimately be analyzed via different statistical methods such as the General Linear 

Model (GLM) or Independent Component Analysis (ICA) (for a more detailed 

explanation of both statistical analysis methods, see paragraph 4-3-6 ). 

 

Despite a relatively small signal to noise ratio that is further lowered by higher spatial 

resolutions and/or shorter repetition times (TR) between successively acquired volumes 

(Constable, 2006; Yang et al., 1999), whole-brain recordings with voxel sizes of just a 

few millimeters combined with acquisition frequencies of 1-2 Hz are feasible, provided 

state of the art multiband acquisition techniques (Constable & Spencer, 2001) are used.  
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Moreover, fMRI was found to be viable for lifelike and physiologically valid 

experimental designs (Buckner, 1998), granted key rules are followed such as sufficiently 

jittered or (pseudo-)randomized interstimulus intervals (Dale, 1999). 

These features would make fMRI a likely candidate to measure discrete patterns of brain 

activity in relation to presented NEEMs or NEEM categories and thus a very compelling 

tool for the research of human neural correlates of everyday activities if it wasn’t for one 

caveat: Due to physical restrictions of the scanner’s construction such as limited bore hole 

diameter and attached signal receiver coils, reinforced by movement limitations of 

participants’ heads to reduce motion related artifacts during image acquisition, physical 

execution of actions during image acquisition is greatly restricted.  

For a meaningful contribution of neuroimaging to the EASE-CRC on a level beyond 

measure of brain activity on just a perceptual level, the human brain itself would therefore 

have to exhibit activity beyond a pure perception when engaged with everyday activities 

without direct physical interaction. 
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 STATE OF RESEARCH 

This chapter will start with an overview over the neuronal basis of environmental 

interactions and its known neuronal correlates of perception and action including a very 

brief overview over systems for planning and control. It will then dive deeper into 

characteristics of human neural information processing that enable the research of 

neuronal correlates of complex everyday activities beyond its purely perceptional side 

despite restriction imposed by the imaging apparatus and will end with mechanisms and 

neuronal correlates of segmentation of incoming perceptual data into their constituting 

events. 

2-1 NEURONAL CORRELATES OF PERCEPTION & ACTION 

The exact neuronal mechanisms of performing everyday activities are still far from fully 

understood and given that even trivial actions are based on complex networks involving 

the whole central nervous system, only a very brief review can be given here. 

Sensory information received from receptors of different modalities arrives in the brain 

through various pathways but is, except for the olfactory pathway, obligatorily relayed 

through the thalamic nuclei, in which a preselection of relevant information can take place 

via sensory gating mechanisms (Courtiol & Wilson, 2014; McCormick & Bal, 1994).  

Information of a particular sensory modality is then relayed to its respective primary 

sensory cortex, where first ‘low-level’ processing steps are carried out, and subsequently 

sent to neighboring unimodal association cortices. Here it is processed with successively 

higher-levels of abstraction and an ever-increasing integration of factors like attention, 

previous experience, and emotional state. Information from various unimodal cortices is 

ultimately combined in hetero-/multimodal association cortices (Mesulam, 2000; Olson 

& Colby, 2012). 

For instance, information arriving in the primary visual cortex is relayed to neighboring, 

higher-level association cortices and parallelly processed in dorsal and ventral streams. 

The ventral stream is directed through unimodal association areas towards the multimodal 

inferior temporal cortex. Here, processing was hypothesized to be primarily concerned 
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with object identification through modalities such as vision, touch, and audition. The 

dorsal stream runs from the primary visual cortex through higher order, unimodal 

association areas and reaches the posterior parietal cortex, which plays an important role 

in object localization through multimodal integration (Andersen, 1997; Mishkin et al., 

1983) and was further proposed to be heavily involved in the perception and planning of 

object related actions (Goodale & Milner, 1992).  

Within areas of the posterior parietal cortex, perceived objects are thought to be spatially 

represented within flexible egocentric and allocentric coordinate systems (Chen et al., 

2018), and with subareas coding for limb and joint position of the extremities, crucial 

information regarding reaching movements can be generated (Cohen & Andersen, 2002). 

It is also receptive for modulations of reaching movements in respect to movement target, 

exerts distinctive firing patterns in the differentiation between planned and executed 

actions (Olson & Colby, 2012), and contains neurons that are active not only when an 

object directed grasp is shown but also when a graspable item with certain characteristics 

is presented on its own (Murata et al., 2000).  

Based on these and other findings, the posterior parietal cortex together with the premotor 

cortex was hypothesized to map available motor actions to perceived objects based on 

their characteristics (Jeannerod et al., 1995; for a review, see: Maranesi et al., 2014). The 

area’s integrative role between perception and action is underpinned not only by its 

complex connections with parts of the motor system, especially with the primary- and 

premotor cortices, but also by its innervation of the corticospinal tract with a potential 

direct control of hand movements (Rathelot et al., 2017; Rizzolatti & Strick, 2012). 

The ventral/dorsal parallelization of information processing has been widely accepted, 

and besides for vision, it was also found in the processing pathways for touch and 

audition. From both ventral and dorsal streams, information is ultimately projected to the 

cortices of the frontal lobe (for a review, see: Sedda & Scarpina, 2012). 

This simplified overview of selected perceptual mechanisms is of course lacking. For 

instance, findings concerning back projections from higher order areas to lower order 

areas (Amarel, 2012), lateral projections between parallel information streams (van 

Polanen & Davare, 2015) and evidence of multimodal properties of early sensory areas 

(for a critical review, see: Kayser & Logothetis, 2007) indicate the complex nature of the 

sensory system. 
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For a motor action based on perceptual information to take place, the main information 

flow towards voluntary muscle movements is thought to be reversed when compared to 

perception and is now directed from higher-level association cortices to lower-level 

cortices, ultimately reaching the primary motor cortex. This is accompanied by a 

successive decrease of abstraction (Olson & Colby, 2012). 

As an area of high-level association, the prefrontal cortex is considered a driver of goal 

directed behavior as well as action evaluation, and information from a large array of 

modalities is relayed to this area of the brain. It is also thought to be a main contributor 

to working memory. Its ventromedial- and orbitofrontal cortices are interconnected with 

limbic structures that are involved in homeostatic functions, emotions, and rewards, 

providing a control of behavior that is influenced by these aspects. In contrast, the lateral 

prefrontal cortex was hypothesized to be more closely related to cognitive control of 

behavior, with its ventral part more heavily connected to information regarding object 

identity delivered from the ventral stream and its dorsal part connected to the spatial and 

action related information delivered from the dorsal stream (Miller, 2000; Olson & Colby, 

2012; Rolls, 2004). 

From the prefrontal cortex, the information flow is directed towards the lower-level motor 

association cortices, e.g., the supplementary motor complex, premotor cortex, and 

cingulate motor area. Following the concept of decreasing abstraction from the highest-

level association cortices to the primary motor cortex, these areas were proposed to be 

the first to encode for actual generation of actions based on conceptual goals from the 

prefrontal cortex. As is the case for the primary motor cortex and posterior parietal cortex, 

neurons here also have pathways to the spine (Dum & Strick, 1996; Olson & Colby, 2012; 

Rizzolatti & Strick, 2012). 

The supplementary motor area (SMA) was hypothesized as responsible for internally 

generated actions without reliance on visual cues (Mushiake et al., 1991) and is now 

considered a generalized center for contextual action selection based on multimodal cues 

(Rizzolatti & Kalaska, 2012). Neurons here are also the first to show a readiness potential 

before an action is executed (Boschert et al., 1983). Its subdivisions show further 

differentiation in activity, with the anterior pre-SMA more closely involved with decision 
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making for an action and the posterior SMA more active at execution (Humberstone et 

al., 1997).  

While the cingulate motor area was hypothesized to be involved in, e.g., reward related 

factors of action and error detection (Ullsperger & von Cramon, 2003), the premotor 

cortex was proposed to be play a part in visually guided actions (Mushiake et al., 1991), 

which lies in accordance with its heavy interconnection with the posterior parietal cortex.  

Furthermore, a special class of neurons was first found in monkeys’ homologue area F5 

that fired when they grasped an item or when they simply perceived it. Subsequently 

detected in the human premotor cortex (Grèzes et al., 2003), properties of these canonical 

neurons were hypothesized to complement the neuron populations with similar 

characteristics in the posterior parietal cortex and form a premotor- and posterior parietal 

cortex circuit that links objects to possible motor actions (Jeannerod et al., 1995).  

Based on this integrated information, the premotor cortex is thought to send commands 

for the execution of behaviorally important motor actions. These categorial ‘macro-

commands’ have an abstraction on the level of ‘grasp’ and ‘hold’ and don’t necessarily 

code for specifics such as handedness (Rizzolatti et al., 1988). A conceptionally related 

function can also be assumed for the supplementary motor complex. 

The primary motor cortex, being the most ‘low-level’ motor area, was hypothesized as 

responsible for finer grained motor commands. Neurons here are configured as a 

somatotopic map of the body, and additional horizontal connections between assemblies 

enable the coordinated firing of functionally related muscle groups. Information is then 

sent to spinal interneurons, which, in combination with reflex circuits, act as independent 

processing units, providing lower-level motor control without obligatory cortex 

involvement (Kalaska & Rizzolatti, 2012). 

Next to cortical areas, at least two prominent extracortical system were reported to exert 

influence over movement planning and execution: The basal ganglia form several closed 

circuits with cortical motor, premotor-, and prefrontal association areas relayed through 

thalamic nuclei (Middleton & Strick, 2000), and loops such as the motor- and prefrontal- 

and limbic circuits were hypothesized to play important roles in movement preparation, 

sequencing and execution, as well as action selection, selection of high-level behavioral 

responses and stimulus reinforcement (Wichmann & DeLong, 2012). 
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The cerebellum was hypothesized to house an association area for cognition and high-

level movement planning and preparation in its lateral parts. This cerebrocerebellum 

forms a circuit with parietal and prefrontal association cortices as well as premotor- and 

primary motor cortices and might be involved in motor learning, mental imagery, and 

rehearsal of actions. Other cerebellar circuits are also thought to be heavily involved in 

the creation of internal models for error monitoring and in the generation of anticipatory 

error correction signals for further improvement of accuracy in fast movements (for a 

review, see: Stoodley, 2012). 

2-1-1 PLANNING AND CONTROL 

Planning of environmental interaction was proposed to involve forward and inverse 

models. The inputs into a forward model are the sensed current state of an effector, such 

as the position of a limb, plus an intended set of motor commands. Based on this, the 

model outputs the predicted future state of that effector. The inputs of an inverse model 

are the sensed current state and desired future state of the effector from which the model 

outputs the computed set(s) of motor commands needed to reach the future state. For more 

complex state transitions, usually more than one set of motor commands would lead to 

the desired result, thus the best version in terms of, e.g., of movement cost will have to 

be decided (Wolpert et al., 2012).  

Control mechanisms can make use of these models. Pure feedforward control sets actions 

in motion based on the output of an inverse model, but since no feedback is given to 

correct for variability within the motor system or change of external factors during 

execution, this will lead to considerable errors for more complex or longer lasting actions. 

With feedback control, information from sensory modalities can be used to compare the 

desired state of a limb with its sensed state, and if a certain error threshold is exceeded, 

to correct for it with a new set of motor commands from an inverse model. Due to the 

latency of sensory transmission from the periphery to the central nervous system, this 

type of feedback control can pose problems for rapid actions. The ratio of feedforward- 

and feedback-control is thus hypothesized to be set dynamically, based on factors such as 

complexity of action and temporal position within the motor execution sequence (Wolpert 

et al., 2012).  
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Action control can also make use of action prediction via forward models. During 

execution, an efference copy of the current state and the set of motor commands is sent 

to a forward model which now acts as a predictor. This prediction can then be used in 

feedback control in combination with sensory feedback to compensate for sensory latency 

(Miall et al., 1993; Wolpert et al., 1995).  

Through comparison between predicted and sensed outcomes, action prediction was also 

hypothesized to play a vital role in motor learning. Through this, the motor system can 

adapt to factors such changing internal and external conditions but also decrease its 

reliance on sensory feedback for predictable motions over repeated executions, leading 

to a level automatization (Kal et al., 2018; Wolpert et al., 2012). It was proposed that the 

posterior parietal cortex and the cerebellum play a crucial part in the generation and 

update of predictive forward models (Desmurget et al., 1999). 

2-2 MENTAL REPRESENTATIONS 

For the acquisition of new skills and their solidification, the brain does not only to rely in 

real world interactions but also employs systems based on simulation principles. This part 

will give an overview ranging from the imaginary realm to an expanded view of the neural 

correlates of action observation, complementary to the brief excepts given in the previous 

part. 

2-2-1 MOTOR IMAGERY 

Starting in the imaginary domain, mental imagery can involve all sensory modalities but 

has been studied most consistently in the visual domain. Visual imagery has been defined 

as the experience of vision without any external visual stimulus, or in other words: seeing 

images with the mind’s eye (Kosslyn, 1987). Early on, it was hypothesized to rely on a 

form of long-term visual memory that cannot be consciously accessed but from which 

information is loaded into a visual buffer as activation patterns. In this buffer, inspection 

processes are thought to generate a conscious image based on elementary pattern 

recognition processes and further allow the mental transformation of these images (Farah, 

1984; Kosslyn, 1980). The format of internal information representation has been debated 
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over the decades, with a heteromodal model of combined symbolic-descriptive and 

pictorial-depictive storage now seeming probable (Pearson & Kosslyn, 2015). 

The function of visual imagery has been proposed to lie in e.g., the recognition of non-

explicitly stored details within previously seen objects, the mental comparison of objects 

that may or may not have been perceived in the same scene, or the deduction of potential 

actions to be performed based on an object’s spatial characteristics. In general, these 

functions thus fall into two categories: The retrieval of implicit object knowledge and the 

execution of mental simulations (Kosslyn, 1987).  

Compared to visual perception, the neural mechanisms involving visual imagery were 

hypothesized to rely on a reversed, top-down information flow in which the prefrontal 

areas give the impulse for mental image generation which is then relayed to areas such as 

the hippocampus, intraparietal sulcus, inferior temporal gyrus or fusiform gyrus, 

depending on the type of mental task, and finally arrives at lower-level visual cortices 

(Bird et al., 2010; Dentico et al., 2014; Dijkstra et al., 2017; Ishai et al., 2000).  

This top-down flow was also proposed to use the ventral and dorsal perceptual streams in 

a similar way, with imagery concerning object knowledge primarily associated within the 

ventral steam and mental simulations including action planning and execution primarily 

found in the dorsal stream (Pearson, 2019). 

Visual imagery of action related content has traditionally been subsumed under the label 

motor imagery. It can include abstract forms such as mental image rotation but usually 

involves imagining oneself or others while manipulating objects (Annett, 1995). 

However, it was argued that ‘true’ motor imagery would have to involve the mental 

performance of one’s own actions from a 1st-person perspective and that the own body 

would have to be felt as a force generator for these actions (Jeannerod, 1994). It was 

further distinguished between explicit conscious and implicit unconscious representations 

of motor imagery with the former involving conscious simulation of an action, while the 

unconscious form arises from judgement of prospective actions and their feasibility 

within a given context without explicit mental simulation of the actions (Jeannerod & 

Frak, 1999). 

Motor imagery is extensively used in sports psychology and has been proposed to benefit 

athletes based on factors such as motor learning, injury rehabilitation, self-motivation and 

problem-solving abilities (Guillot & Collet, 2008), and a meta-analysis of Driskell at al. 
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(1994) over 35 studies reported a significant effect on performance gain, however less 

than through physical practice. 

It has been shown that the mental execution of actions follows the same basic temporal 

characteristics and psychophysical rules as physical action execution. For example, 

durations of physical and mental walking towards targets were shown to be similar 

(Decety et al., 1989), and durations for both increased proportionally with task difficulty 

(Bakker et al., 2007). This was also the case for simulated grasping tasks, employing a 

paradigm that tested for implicit unconscious presentation actions (Frak et al., 2001). 

However, for more complex actions such as badminton and springboard diving, motor 

imagery took longer compared to physical execution. This effect that was only partially 

remedied by expertise and was hypothesized to be in part related to limitations of working 

memory (Munzert, 2008; Reed, 2002). 

Concerning the neuronal correlates of motor imagery, it was proposed that the relation of 

motor imagery to motor physiology could be the same as visual imagery to visual 

physiology (Jeannerod, 1994). Next to general processing pathways common to both 

visual- and motor imagery, as previously presented, motor imagery would additionally 

recruit brain areas that are commonly active during physical motor execution. 

This was reflected in brain imaging studies which detected activity in common areas such 

as the prefrontal- and parietal cortices (Gerardin et al., 2000; Malouin et al., 2003), with 

the prefrontal areas especially active during action preparation (Frith et al., 1991) and the 

superior parietal lobule exhibiting higher activity with increased subjective task demand 

(Wolbers et al., 2003). Furthermore, activity was found in motor association cortices such 

as the anterior pre-SMA, posterior SMA, as well as cingulate and premotor cortex 

(Gerardin et al., 2000; Malouin et al., 2003), albeit sometimes with only partial overlap 

between executed and imagined action, e.g., in case of the SMA (Stephan et al., 1995). It 

was also hypothesized that neurons in the SMA inhibit the primary motor cortex during 

motor imaginary (Kasess et al., 2008). However, primary motor cortex activity was often 

found during studies, exhibiting somatotopic organization and a higher contralateral 

activation compared to the higher-level motor association cortices which were activated 

bilaterally in most subjects (Roth et al., 1996; Stippich et al., 2002). 

Activation in extracortical structures was found in the cerebellum and the basal ganglia 

(Gerardin et al., 2000; Malouin et al., 2003), whereby basal ganglia activation was 
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proposed to be highest in imagined motions of a more automatic nature (Malouin et al., 

2003). 

The effectiveness of visual imagery in general and motor imagery in particular should 

depend on the ability to mentally construct images. This ability was shown to vary heavily 

from person to person, ranging from extremely vivid mental imagery (hyperphantasia) to 

complete inability to consciously construct mental images (aphantasia) (Pearson, 2019; 

Zeman et al., 2015). 

2-2-2 ACTION OBSERVATION 

In addition to canonical neurons that fire whenever an item is grasped or simply shown, 

another type of neurons was found in the rostral part of the inferior premotor cortex / 

ventral premotor cortex (area F5) of macaques which also fire in response to two different 

kinds of stimuli, but with one important difference: In studies, these neurons exhibited 

activity, not only when the animals actively executed goal directed hand movements like 

item grasping but also when they observed experimenters performing similar actions. A 

simple item presentation however did not cause any reaction (di Pellegrino et al., 1992; 

Gallese et al., 1996).  

In addition to area F5, these mirror neurons, as they were subsequently termed (Gallese 

et al., 1996), and neurons with closely related characteristics were later described in other 

regions of the monkey brain such as the dorsal premotor cortex (Tkach et al., 2007), parts 

of the inferior parietal lobule (Fogassi et al., 2005; Gallese et al., 2002; Yamazaki et al., 

2010), the intraparietal sulcus including lateral- and ventral intraparietal areas (Fujii et 

al., 2007; Ishida et al., 2010; Shepherd et al., 2009), the primary motor cortex (Dushanova 

& Donoghue, 2010; Tkach et al., 2007), the superior temporal sulcus (Jellema et al., 2000; 

Perrett et al., 1989), as well as the medial frontal cortex (Yoshida et al., 2011) 

Due to their corticospinal connections, regions such as area F5 and the inferior parietal 

lobule contain neurons with inherent motor properties and are thus, depending in the 

model, considered as true mirror neurons and part of a core mirror neuron circuitry. In 

contrast, regions such as the superior temporal sulcus contain mirror-like neurons with no 

such direct properties (Rizzolatti & Craighero, 2004). 
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Mirror- and mirror-like neurons exhibit characteristic firing patterns at action observation 

of which in this brief overview, only study-relevant ones will be presented (for a review, 

see: Kilner & Lemon, 2013). 

In early studies, neurons in F5 were found to only fire while the monkeys either performed 

or observed object directed actions. When only the object was visible or when performing 

agents mimed an action, no activity could be measured (Gallese et al., 1996). In later 

studies, a reduced but measurable activation could however be found in pyramidal tract 

neurons during the observation of a pantomime (Kraskov et al., 2009). 

In terms of action specificity, neither handedness nor precise hand direction of the 

performing agent during action performance seemed to be of consequence for many 

mirror neurons (Gallese et al., 1996).  

They can however be classified into two categories: strictly congruent neurons that only 

fire when the performed and observed action is the same down to its specific mode, such 

as grasping an object with a certain type of grip, as well as neurons that are only broadly 

congruent. For broadly congruent neurons, the firing conditions for executions and 

observations can be more dissimilar, e.g., neurons only fired when executing a specific 

action but also showed activity when a different action with the same semantic goal was 

observed (Gallese et al., 1996). Similar subgroups of neurons in the inferior parietal 

cortex have shown similar broadly congruent behavior with even higher abstraction levels 

(Yamazaki et al., 2010). 

Furthermore, most neurons were not receptive to the presentation of tool-based 

manipulations in monkey studies with scattered populations having been reported to react 

to it after longer exposition to such actions (Ferrari et al., 2005).  

Some mirror neurons further differed in their activation characteristics concerning 

properties of the observed agent. While the distance between observer and executing 

agent was of no significance for the activity of one subgroup of neurons, others selectively 

fired depending on the execution of observed actions either in the peripersonal- or 

extrapersonal space (Caggiano et al., 2009). A comparison between action presentation 

modes in terms of live agent versus prerecorded video showed diminished but similar 

neuronal response for the video presentation, at least for non-human primates (Caggiano 

et al., 2011). The perspective taken during action observation through video was shown 

to impact the response of a majority of mirror neurons, with the highest percentage active 
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during action presentation from a 1st-person perspective that imitated self-executed 

actions, followed by side and frontal views of another actor (Caggiano et al., 2011). 

Whether the performing agent was a monkey or a human seemed to be of no consequence 

for a large percentage of monkeys’ mirror neurons (Gallese et al., 1996; Rizzolatti & 

Craighero, 2004). 

Object properties such as size were found to be of only minor significance for the 

modulation of a large percentage of mirror neurons (Gallese et al., 1996), while the 

subjective value of an item to an observing monkey would change their firing 

characteristics (Caggiano et al., 2012). Furthermore, an acted-on item could be occluded 

during the latter part of an action sequence and still activate subgroups of mirror neurons 

as long as it was visible during action initiation (Umiltà et al., 2001). 

Concerning the human equivalent of the mirror neuron system, a review paper of 

Hyeonjin & Seung-Hwan (2018) located its main regions in the supplementary motor 

area, the inferior parietal lobule, and the superior temporal sulcus, with smaller 

complementary regions thought to be located in the primary somatosensory cortex, the 

primary motor cortex, the dorsal and ventral  premotor cortex, the inferior frontal gyrus 

and insula, as well as the posterior middle temporal gyrus and the fusiform face area. 

Two meta-studies, using an activation likelihood estimation (ALE) algorithm (Eickhoff 

et al., 2009) further revealed consistent activation patterns between multiple fMRI and 

PET studies:  

Summarizing 125 papers reporting fMRI activity based on mirror neurons, Molenberghs 

et al. (2012) reported a core network consisting of the dorsal and ventral premotor cortex, 

the superior parietal lobule, and the inferior frontal gyrus which was consistent for fMRI 

subjects engaging in tasks of action observation and execution, with supplementary areas 

recruited depending on the context of the experiment. 

In another meta-analysis, summarizing 83 fMRI and four PET studies compromised of 

observation and/or online and delayed imitation tasks, Caspers et al. (2010) found a 

network of areas common to all studies and both task categories that encompassed areas 

homolog to the monkeys’ mirror neuron system, such as the ventral premotor cortex and 

parts of the inferior parietal lobule and intraparietal sulcus. It further expanded upon it 

through areas such as supplementary motor area, the posterior middle temporal gyrus and 

area V5/MT+, parts of the fusiform gyrus and the primary somatosensory cortex. This 
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network was subsequently modulated by either observation or imitation tasks, e.g., 

through activation of different subareas. 

Meta-results from both studies pointed to a core network remarkably similar to the 

monkeys’ mirror neuron system but with a variety of supplementary areas and networks 

that can be recruited, depending on task context. However, it must be kept in mind, that 

the original- and resulting meta-analysis are often not fully comparable to the classical 

mirror neuron experiments conducted with monkeys. 

 

Based on their properties, it was hypothesized that mirror neurons play a key role for 

various cognitive capacities. According to the direct matching hypothesis, they are part 

of a system that maps information coming from action observation into one’s own motor 

representation (Rizzolatti et al., 2001). This system was proposed to recognize and 

categorize actions and gestures of other agents and to subsequently form an internal 

representation of these actions, not only for learning to execute these actions but also for 

choosing appropriate reactions when interacting in social groups (di Pellegrino et al., 

1992; Rizzolatti, Fadiga, Gallese, et al., 1996).  

Originating from this core principle, mirror neurons or neurons with mirror-like 

properties have been proposed to play a major part in the reading of action intentions 

(Iacoboni et al., 2005) as well as social cognition functions such as the recognition of 

emotions (Enticott et al., 2008) and empathy (Wicker et al., 2003). Furthermore, imitation 

abilities have also been proposed to be linked to this system, ranging from the simple 

system found in chimpanzees to the complex human system of imitation (Arbib, 2005; 

Iacoboni, 2009). Due to the homology of the monkeys’ area F5 and the human premotor 

cortex and anterior areas such as the left hemispheric Broca’s area, it was also proposed 

that mirror neuron capacity provided the necessary communicative systems ranging from 

gestures and facial expressions to vocal communication on an evolutionary scale (Arbib, 

2005; Rizzolatti & Arbib, 1998). Unsurprisingly, Broca’s area was found not only to be 

engaged in the motoric aspects of speech production tasks but also in the execution, 

imitation, and observation of, e.g., reaching movements (Nishitani & Hari, 2000). 

 

Expanding on the direct matching hypothesis by integrating motor imagery, mental 

simulation theory has hypothesized the motor system as part of a network that not only 
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carries out the actual interactions but also simulates them in order learn, maintain and 

refine motor actions (Gallese & Goldman, 1998; Jeannerod, 2001). This simulation aspect 

was further evidenced by findings that motor execution and observation lead to similar 

motor evoked potential when recorded in the efferent motor pathways (Fadiga et al., 

1995). 

2-3 EVENT SEGMENTATION AND SCENE RECOGNITION 

Zacks and Tversky (2001) defined events as similar to objects with both their structures 

being describable by partonomic (part-of) as well as taxonomic (kind-of) principles. 

However, whereas objects can be distinguished by their spatial dimensions alone, 

segmentation of events and their boundaries extents into the temporal dimension.  

Due to this commonality, event segmentation processes were hypothesized to work on 

the same perceptual characteristics extended into the temporal dimension. For example, 

similar to object discrimination, it was detected that observers would segment scenes at 

successive event boundaries or break points when a certain level of change had occurred 

between them (Newtson et al., 1977). While this segmentation was done by button 

presses, introducing a conscious decision level not present in everyday event perception, 

early studies indicated a purely perceptual origin of these event segmentation mechanics 

through presentation and analysis of videos that were modified according to boundary 

characteristics (see: Newtson & Engquist, 1976). 

Flanagan et al. (2006) proposed the concept of contact events acting as the grounds of 

event boundaries. They argued that environmental interaction tasks are based on 

sequential action plans of various complexity levels that are enabled by multiple 

sensorimotor systems. Phases within these plans would have specific subgoals that are 

defined by contact events, and specific subaction controllers (comparable to the categorial 

macro-commands of the premotor cortex) are responsible for the execution of the motor 

commands needed to reach each contact event. For example, when rearranging a cup on 

a table, the hand is reached out until a contact is established between it and the cup, 

signaling the successful execution of the reaching subaction by its controller. Further 

subactions include the consecutive grasping, lifting, transportation, placing and releasing 

of the cup, with each one having its dedicated controller and contact event in which a 

contact is either established or broken. 
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Feedback from contact events is primarily of tactile nature but is complemented by 

auditory-, visual-, and proprioceptive signals. Since information from contact events 

comes from multiple modalities, these events are proposed to provide a spatiotemporal 

anchor point for multimodal integration and alignment, leading to learning and 

consolidation of correlations between these sensory modalities and possibly aiding future 

predictions of motor commands. Contact events were also proposed to serve the 

monitoring of task progression through comparison of prediction and perception, 

enabling adaptive responses to multimodal error patterns. The predictions could further 

lead to smoother transitions between subphases by compensating for sensory latency 

concerning the completion of subgoals (Flanagan et al., 2006). 

Contact events were also proposed to not only play a vital role in actual motor execution 

but also in action observation. For example, when executing an action sequence, gaze was 

shown to be preemptively directed to the location of the next predicted contact event 

(Johansson et al., 2001). This was also the case when action execution was simply 

observed (Flanagan & Johansson, 2003), underpinning the direct matching hypothesis 

and mental simulation theory. 

While still relatively sparsely explored, some fMRI-studies have dealt with the neuronal 

correlates of event segmentation and perception of sequences of complex natural stimuli: 

When participants were tasked to passively watch 3rd-persion videos of everyday 

activities, like bed making and doing the dishes, areas such as fusiform gyrus, cuneus, 

precuneus, as well as the precentral sulcus and areas V5/MT+ were shown to exhibit 

temporal correlation with event boundaries within the videos (Zacks et al., 2001). Brain 

activity of participants passively viewing videos of dancers correlated with a computed 

index of the dancers’ motions in a cluster within the right inferior temporal gyrus. 

Furthermore, areas in the inferior occipital gyrus, right superior temporal sulcus and right 

inferior frontal gyrus were active during perception of event boundaries (Noble et al., 

2014).  

A study of Bartels & Zeki (2004) incorporated both traditional epoch design and 

naturalistic viewing. In the epoch design, stimuli consisted of either blank screens or 

stationary-, respectively moving objects that were recognizable or scrambled. Through 

GLM-modeling, it was shown that early visual areas such as V1 and V2 were active 

during all non-blank stimuli, whereas stationary object presentation additionally activated 
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object and face selective parts of the lateral fusiform gyri and occipital cortex. Moving 

objects further activated the area V5/MT+. For the naturalistic viewing conditions with 

presentation of a movie except, an independent component analysis revealed areas, e.g., 

within the calcarine sulcus, fusiform gyrus, and posterior middle temporal cortex whose 

signals were highly correlated between subjects. 

Furthermore, increased event boundary activity was detected in the hippocampus and 

parts of a posterior medial network that includes the precuneus, angular gyrus, posterior 

cingulate cortex, parahippocampal- and retrosplenial cortex as well as the mammillary 

bodies, pre- and parasubiculum, and the anterior thalamic nuclei and is hypothesized to 

play a part in the construction of situation models (Ranganath & Ritchey, 2012; Reagh et 

al., 2020). 

Concerning larger grained logical sequences, brain activity of participants was compared 

between passive watching of normal film sequences of around 40 seconds duration, 

sequences consisting of random scenes and sequences consisting of scrambled scenes. 

For the normal sequences, a brain network including bilateral activation of areas in the 

fusiform gyrus, lingual gyrus, cuneus, and posterior cingulate gyrus as well as unilateral 

activation in the left inferior occipital gyrus, right inferior- and superior temporal gyri, 

right inferior frontal gyrus and right inferior parietal lobule was detected. Within these 

areas, all but the posterior cingulate gyrus also exhibited nearby activation in the random 

sequence viewing condition (D. R. Anderson et al., 2006). 

The neuronal correlates of categorial scene recognition of complex scenes have been 

primarily examined on static stimulus material in the past. When participants were tasked 

with the recognition of scenes either in context of their location, their category, or their 

associated situation involving people, areas such as the parahippocampal place area and 

retrosplenial cortex have been identified as responding most strongly during location 

recognition, whereas areas like the superior temporal sulcus, supermarginal gyrus, and 

cingulate sulcus preferably responded during category or situation identification (Epstein 

& Higgins, 2007). With ultra-high field fMRI, the participation of the subiculum was 

further shown for scene discrimination (Hodgetts et al., 2017). 

Concerning predictive models of static scene recognition, an fMRI-study by Walther et 

(2009) could successfully predict the categories of natural scenes, such as mountains and 

beaches, from regions of interest in the parahippocampal place area, retrosplenial cortex, 
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and lateral occipital cortex from data of a passive picture viewing task, using multivoxel 

pattern recognition (MVPR). Additionally, brain activity in the early visual cortex, 

measured when participants constructed mental images of previously seen static images, 

could be used to successfully predict the picture in question when analyzed via the same 

method (Naselaris et al., 2015).  
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 THEORETICAL CONCLUSIONS 

Experimental constraints based on the need to prevent fMRI-participants’ excessive 

movement would seem at odds with the task of studying the neuronal correlates of 

everyday activities which in large parts involve physical environmental interactions. 

Thus, advantages of spatially high resolved whole-brain scans including subcortical 

structures would be meaningless unless only the perceptual part of these interactions was 

to be studied.  

However, given the ambiguous distinction between perception and action and the brain’s 

hypothesized motor simulation capabilities, studies without distinct muscle activation 

component would still allow for a sufficiently close approximation of the action side of 

things, assumed a sufficient level of immersion was provided through video presentations 

of the actions in question.  

To reach this highest level of immersion, videos would have to be shown from the 1st-

person perspective and observers must be briefed to imagine being the acting agent while 

watching the videos. The chosen perspective would activate the highest number if mirror 

neurons (action observation) and would, in combination with the briefing, make observers 

feel their body as the force generator for the presented actions (motor imagery). While it 

is probable but unproven that both motor imagery and action observation are merely 

different expressions of the same underlying system, or at least both using the same 

neuron populations as their substrate, this would nevertheless assure the maximum 

achievable similarity between action execution and simulation through simple video 

presentation within the fMRI-context, without reliance on more exotic and expensive 

solutions. 

Given sufficient immersion, different NEEM categories, such as picking up and placing 

objects, would have a neuronal representation, further aided by the presence of visually 

defined event boundaries during action observation. On the primarily perception side, 

distinct patterns would be observable for specific event categories in the visual modality. 

Other modalities would however not be covered through video-based studies. On the 

motor side, at least within the higher-level motor association cortices, activation patterns 

would possibly reflect the executed actions on a broad ‘macro-command’ level. Activity 

within the primary motor cortex would however be less likely. 
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Since no active decision making process regarding planning of actions would take place 

during the presentation of prerecorded video, neuronal correlates of higher level planning 

would likely remain hidden. While data would still be highly beneficial for the project as 

a whole, especially regarding human neuronal correlates of perception and action, 

experimental setups beyond the scope of the current thesis would have to incorporate a 

component of active decision making in order to give a more comprehensive picture of 

human correlates of everyday activities. 

3-1 HYPOTHESES 

Based on the theoretical conclusions, two main, hypotheses were proposed, with 

hypothesis 2 constituting a direct consequence of hypothesis 1: 

 

1. Measured through fMRI, a discrete and event dependent allocation of brain 

activity will be detectable depending on the experienced categorial event. 

2. Assuming veracity of spatiotemporal uniqueness of event dependent brain 

activity, as investigated for hypothesis I, a categorization of video streams can 

be carried out in regard to different events, solely based in fMRI-data. 

3-2 TASK DEFINITION 

The main focus of this thesis lay on the verification of falsification of hypothesis 1. This 

was to be accomplished through classic, parametric GLM analyses as well as 

nonparametric ICA. Work on Hypothesis 2 would build on results of these analyses and 

have a more exploratory character. 

For a first insight into general viability and establishment of a working minimum design 

complexity of the fMRI-based approach, a Proof of Concept fMRI-study was to be 

designed and conducted based on video material of table setting activities recorded from 

the 1st-person perspective with a high level of immersion. Prior to study conduction, 

videos would be annotated according to their represented events based on categories 

defined within the EASE ontology. 

Participants would be presented with these videos and advised to not only passively watch 

the depicted actions but to actively image being the protagonist, using the simulation 
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aspects of the motor system to its full potential. Brain data would then be analyzed based 

on their spatiotemporal characteristics in relation to presented event categories.  

Based on results and lessons learned from the Proof of Concept Study, an fMRI study 

would then be designed and conducted with a larger scale and scope concerning number 

of participants and design complexity. 
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 MATERIALS AND METHODS 

For the scope of this thesis, two fMRI-studies were conducted with video material 

depicting table setting activities from the 1st-person perspective: a limited Proof of 

Concept study for validation of proposed methods and a subsequent study with a larger 

scope. Participants of both studies were tasked to actively imagine being the protagonist 

in these videos, thus employing a variation of mental imagery, while their brain activity 

was measured. The following chapter will describe, where and under which conditions 

and requirements the video material was recorded, how it was later annotated according 

to a shared EASE ontology and under which parameters the experimental designs of both 

studies were conceived and resulting data was analyzed. 

4-1 LABORATORIES 

Stimulus material for the fMRI-experiments was recorded in two laboratories at the 

University of Bremen, both part of the EASE CRC.  

4-1-1 BIOSIGNALS LAB (EASE-BASE) 

Situated in the Cartesium building of the University of Bremen, the Cognitive Systems 

Lab (CSL) of Prof. Dr. Tanja Schultz houses the EASE Biosignals Acquisition Space and 

Environment (EASE-BASE) within the workgroup’s Biosignals Lab.  

In the context of the first phase of EASE, this laboratory, as depicted in picture 4-1, is the 

venue for behavioral studies in which participants take part in table setting trials under 

varying conditions and scenarios for the generation, analysis, and processing of NEEMs. 

 

Participants are equipped with an eye tracking device, a mobile 16-channel active 

electrode EEG system, and EMG sensors on their arms. Their actions are further recorded 

from the 1st- and 3rd- person perspectives by an array of video cameras, and a motion 

capture system performs real-time 3D full body and object tracking, while head-mounted 

as well as fixed microphone arrays record environmental sound and participants’ 

concurrent or retrospective think aloud protocols in form of verbal reports. Data streams 
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from all sensors are temporally synchronized, resulting in the multimodal datasets of the 

EASE-TSD (Meier et al., 2018). 

 

 
Picture 4-1: The Biosignals Acquisition Space and Environment (EASE-BASE).  The overview shows 
the interaction space in the lower half of the picture with a projection of a kitchen background. In the 
upper half of the picture, a representation of the real-time marker-based 3D tracking of marked people 
or objects in the interaction space is depicted. ©Cognitive Systems Lab 

The spatial layout of the EASE-BASE interaction space in terms of looks and positions 

of tables and objects such as tableware, cutlery, and synthetic food items, as depicted in 

the lower half of picture 4-1, was thereby developed under the prerequisite of not only 

facilitating realistic and diverse environmental interactions for the table setting 

participants but also to enable a reliable functioning of all sensor systems (Mason et al., 

2018). 

4-1-2 CENTRAL EASE ROBOT LABORATORY (ROBOLAB) 

The Institute for Artificial Intelligence (IAI) at the Technische Akademie Bremen, led by 

Prof. Dr. Michael Beetz, is the main venue for live tests of cognition enabled robotic 

agents. As shown in picture 4-2, its RoboLab accommodates a functioning kitchen 

environment with drawers, countertop, a separate kitchen isle and kitchen appliances such 

as fridge and stovetop. It is further equipped with tableware and cutlery as well as a 

selection of food items.  
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Picture 4-2: The Central EASE Robot Laboratory (RoboLab).  The overview shows the main kitchen 
space and the robot platforms PR2 in the right half of the picture and Boxy in the left half of the picture. 
©Institute for Artificial Intelligence 

Within this laboratory environment robots like Boxy and PR2 (Beetz et al., 2016; 

Cousins, 2010), as depicted in the left- and right half of picture 4-2, perform everyday 

activities by means of the EASE cognitive architecture. 

4-2 HARD & SOFTWARE 

4-2-1 VIDEO RECORDING & ANNOTATION HARDWARE / SOFTWARE 

Video recordings were carried out on a Xiaomi Redmi Note 5 that was fastened to the to 

the head via custom head-mount. This setup was chosen for its portability between 

different laboratories and its cost-efficient software video stabilizer, solving the problem 

of often distracting judder caused by abrupt head motions. 

Edits to the videos in form of cuts and exports into appropriate file formats were done 

with the free software Shotcut V19 (https://shotcut.org/). 

 

Since no common EASE software framework was available at time of conduction of the 

Proof of Concept study, annotation of event categories was done via Excel lists. For 

annotating the recorded videos of the final fMRI study, EASELAN, an EASE-specific 

modification (Meier et al., 2019) of the ELAN software (https://archive.mpi.nl/tla/elan/) 

by the Max Planck Institute for Psycholinguistics was used. Its main interface window is 

represented in picture 4-3. While originally developed as a language analysis tool, it offers 

most functions needed for the annotation of complex multimedia files.  
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Picture 4-3: The EASELAN software interface.  The active video is displayed in the upper left corner,  
with the annotated events of the current being shown to the right. An overview over all current tiers with 
their associated events is given on the timeline on the lower half of the software window.  

Annotations in EASELAN are generally entered on tiers, as illustrated in the lower half 

of picture 4-3, and each tier is associated with a type that defines its general 

characteristics, which can in turn be associated with a set of labels to quickly annotate a 

timeline with predefined event categories, such as ‘reach’ and ‘retract. More than one tier 

can be linked with a defined type, and complex webs of associations can be built using 

parent- and child-tiers. 

4-2-2 DATA ACQUISITION HARDWARE / SOFTWARE 

For both the Proof of Concept and subsequent EASE-fMRI study, fMRI-scans were 

conducted with a Siemens 3 Tesla MAGNETOM Skyra full body scanner with a 70 cm 

open bore design (https://www.siemens-healthineers.com/magnetic-resonance-imaging/ 

3t-mri-scanner/magnetom-skyra#TECHNICAL_DETAILS), as depicted in Picture 4-4. 
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Picture 4-4: Siemens 3 Tesla MAGNETOM Skyra MRI Scanner installed in the Cognium building of the 
University of Bremen. 

The scanner is installed in the University of Bremen’s Cognium building, where the 

Department of Neuropsychology and Behavioral Neurobiology is situated, and it is 

operated in collaboration with the Fraunhofer MEVIS.  

 

For stimulus presentation, the stimulus delivery and control program Presentation®V19 

was used (https://www.neurobs.com). 

4-2-3 DATA PROCESSING & ANALYSIS SOFTWARE 

All preprocessing steps were carried out with the built-in functions of MATLAB’s 

(https://mathworks.com/products/matlab/) Statistical Parametric Mapping toolbox (SPM) 

in version 12 (https://www.fil.ion.ucl.ac.uk/spm/software/spm12/).  

Later processing of log files and annotation files was done via custom MATLAB scripts. 

For statistical analyses via the General Linear Model, the MATLAB Toolbox SPM12 was 

used. Independent Component Analyses were conducted with the MATLAB Group ICA 

of fMRI Toolbox (GIFT; https://trendscenter.org/software/gift/). Visualizations of brain 

slices were done via the SPM Toolbox xjView V97 (https://www.alivelearn.net/xjview/) 
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4-3 PROOF OF CONCEPT STUDY (POC) 

To assess the validity of methods to be employed for the fMRI study, a Proof of Concept 

study was conducted with a limited number of participants. Here, a minimum working 

baseline for factors such as employed echo sequence, stimulus characteristics, 

preprocessing-pipeline and methods for statistical analyses was to be found which could 

be adopted or adjusted for the subsequent study. 

4-3-1 (POC) VIDEO RECORDINGS 

For the Proof of Concept study, several 1st-person videos of table setting activities were 

recorded in the EASE-BASE of which picture 4-5 shows typical still frames. Table setting 

activities consisted of lifting up objects in the source area, that is overviewed in picture 

4-5 A, and transporting them to the target area, as overviewed in picture 4-5 B. Views of 

Proof of Concept fMRI participants on these object interaction events are depicted in 

picture 4-5 C for the source area and picture 4-5 D for the table in the target area.  

Since the goal of the Proof of Concept study lay in the validation of methods and the 

establishment of a working minimum design and complexity, some guidelines for the 

presented actions were followed. Hand and arm movements were performed slowly and 

deliberately, to achieve easily recognizable and traceable actions, and the level of 

multitasking was to be kept at minimum. It was also taken care to primarily use the right 

hand for most actions, since participants of the Proof of Concept study were to be right-

handed. Arm and hand movements were always kept within view of the camera, so no 

actions would be invisible to the spectator. Head movements were also kept small, and 

when necessary, were done in a careful manner.  
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Picture 4-5: Table setting video for the Proof of Concept study from the 1st-person perspective . 
Depicted are videoframes of 1 st-person videos that were recorded in EASE-BASE to be shown as stimulus 
material to participants of the fMRI Proof of Concept study. Picture 4-5 A shows the source area from 
which objects were transferred to the target area shown in picture 4-5 B. Picture 4-5 C further illustrates 
the view of participants on the source era shortly before the lifting up of an object. Picture 4-5 D shows 
the object being placed on the table at the target area. 

Resulting videos had a duration of 180-360 seconds with a framerate of 25 fps for easier 

manual annotation and conversion of frame number into (milli)seconds. After sighting of 

the recorded material, one video was chosen to be shown to the participants. It had a 

duration of 325 seconds and presented the setting of a breakfast table for two persons, 

starting with the placement of plates and bowls, followed by positioning of cutlery via a 

carried cutlery tray. In its latter half it depicted the setting of food items such as bread and 

cornflakes, milk, and coffee. 

For exploratory reasons, an additional video was chosen from existing recordings of 

EASE-Base that depicted a colleague performing a similar table setting task from a fixed 

3rd-person perspective. This video had a duration of 275 seconds with a framerate of 25 

fps. 

  



Materials and Methods 

39 
 

4-3-2 (POC) ANNOTATION 

The annotation scheme for the Proof of Concept study had been developed before a 

project-wide standard was established. As presented in table 4-1, it was relatively simple 

and consisted of only seven categories into which the video was subdivided, and which 

shared characteristics with contact events proposed by Flanagan et al. (2006). 

Furthermore, in this phase of the project, no differentiation was made between left and 

right hands, owed to the fact that interactions were almost exclusively performed with the 

right hand. In rare cases of left-hand involvement, e.g., switch, the left hand was always 

the passive hand from with the right hand actively grasped the object. 

 
Table 4-1: Preliminary movement categories of the head and arms.  The label of the movement is 
given in the left column. A brief description of each label is given in the right column. 

Label Description 

survey the camera’s field of view is rotated over the 

environment to assess its state. 

walk translational movement within the scene, 

majorly between tables. 

reach the empty hand is reached towards- and 

establishes a grip with the target object 

lift while held in grip, an objected is lifted from 

its supporting surface 

place while held in grip, an object is put down on 

supporting surface and the grip is loosened 

retract the empty hand is retracted from the object 

switch an object is transferred from on hand to the 

other 

 

Video annotation was carried out with Excel, while Shotcut functioned as video viewer. 

The label of the current movement category was written down in the Excel list, and the 

video was forwarded until a change in category could be observed. Frame numbers of 

start- and endpoints of each categorial event were written down next to it and later 

converted into onsets and durations with a millisecond resolution. Since parallel actions 
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were kept to a minimum, the whole sequence of depicted movements could be subsumed 

into a single column with no overlap between events. While the 1st-person video was 

annotated according to this scheme, the 3rd-person video was not annotated, since its only 

function was to serve as an exploratory baseline for GLM analyses.  

4-3-3 (POC) EXPERIMENTAL DESIGN 

The experimental design of the Proof of Concept study is illustrated in figure 4-1.  

 

 
Figure 4-1: Experimental design of the Proof of Concept study.  The trial sequence is depicted in the 
center row, from left to right. The temporal structure of a video trial given in the top row, with pictures 
exemplary for a 1st-person video. The temporal structure of a trial with fixation dot is given in the bottom 
row. 
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The design consisted of trials that either presented the 1st-person table setting video, the 

3rd-person perspective video for acquisition of a high-level baseline, or a fixation dot that 

functioned as visual stimulus for the acquisition of a low-level baseline of brain activity. 

The sequence started with a fixation dot, followed by the presentation of the 3rd-person 

video, which was succeeded by the 1st-person video. This was repeated twice, so that 

fixation dot, 3rd- and 1st-person videos were presented three times each. 

Video trials began with an eight-second info text, informing of the eminent start of a 

video. A subsequent text was displayed for another eight seconds that described whether 

the 1st- or 3rd-person video was about to be shown. While a passive observation was asked 

for in case of the 3rd-person video presentation, an active imagination of being the 

protagonist was asked for the viewing of the 1st-person video. The respective videos were 

then played back in a rectangle over a black background. After termination of each video, 

a text was presented for three seconds, informing that the experiment was about to 

continue, unless the last trial was reached. Fixation dot trials were also initiated by an 

eight-second-long text with the instruction to look at the presented dot in a relaxed 

manner, which was then shown for 150 seconds. This too was followed by a three second 

text about the imminent continuation of the experiment. 

4-3-4 (POC) DATA ACQUISITION 

FMRI-data acquisition for the Proof of Concept study followed the general guidelines 

and traditional acquisition sequences of the Center for Advanced Imaging (CAI) of the 

University of Bremen. The number of participants was kept low, considering the study’s 

pilot character. 

4-3-4-1 (POC) PARTICIPANTS 

Six participants (4♀) were recruited for the Proof of Concept study from colleagues and 

students doing internships at the Department of Neuropsychology and Behavioral 

Neurobiology. All participants were in their early twenties, healthy by their own-accord 

and right-handed.  
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4-3-4-2 (POC) FMRI-DATA ACQUISITION 

Every participant was informed about MRI-safety and the general setup of the experiment 

before giving written consent of participation. Respective information and survey sheets 

can be found in appendix a. 

Before participants were accompanied into the fMRI-scanner, they were shown short 

clips of the 1st- and 3rd-person videos and were informed about their expected behavior 

during video- as well as fixation dot trials. When participants indicated that they felt well 

prepared, they were brought into the scanner room. 

After laying down in the scanner, a localizer sequence was run, followed by a structural, 

T1-weighted whole-brain scan with a matrix size of 256x256x208 voxels and voxel size 

of 1x1x1 mm. The experiment was then run while functional whole-brain scans were 

acquired with a T2* weighted EPI sequence with a TR of 2.5 s, a TE of 30 ms, and a 

matrix size of 64x64x46 voxels with a voxel size of 3x3x3 mm and an interleaved slice 

order. 

When scanning sequences were finished, participants were informally asked about their 

general impression about the presented stimuli with special attention on their subjective 

state of vigilance. 

4-3-4-2-1 (POC) ADJUSTMENTS DURING DATA ACQUISITION 

Participants’ impressions from study indicated that when the 1st-person video was 

presented for the third time, vigilance levels had diminished to a point at which 

participants could hardly concentrate on what was shown on screen. Since this impression 

had been unanimously shared by the first three participants, the latter three were only 

shown the sequence of the experimental design up to the third fixation dot.  
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4-3-5 (POC) DATA PRE-PROCESSING 

Of the six datasets, one was excluded from later analysis, because the participant later 

mentioned severe vision problems during data acquisition due to insufficient vision 

correction. Furthermore, datasets from included participants presented with the complete 

original design were only analyzed up to the third fixation dot due to self-reported drops 

in vigilance levels. 

4-3-5-1 (POC) PREPROCESSING OF FMRI-DATA 

For the preprocessing of the fMRI data through built-in functions of the SPM-toolbox, 

standard parameters were used if possible. For parameters with more processing-heavy 

options, e.g., in case of image interpolation steps, usually the highest quality options were 

chosen. Relevant parameters are listed for each subsequent step. 

4-3-5-1-1 REORIENTATION 

Structural files were manually reoriented into the plane of the anterior and posterior 

commissure (AC/PC line), if needed. Reorientation parameters were also applied to the 

corresponding functional files.  

4-3-5-1-2 SLICE-TIMING 

The 46 slices of each functional file from the reorientation step were slice-timed with:  

TR = 2.5s s, TA = 2.5- (2.5/46), slice order = [2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 

32 34 36 38 40 42 44 46 1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 

45] and reference slice = 2.  

4-3-5-1-3 REALIGNMENT 

Realignment estimation and reslicing was done with the reoriented and slice-timed files. 

Parameters for the estimation were: quality = 0.9, separation = 3 mm, smoothing 

(FWHM) = 5 mm, num passes = register to mean, interpolation = 7th degree b-spline, 

wrapping = no wrap, weighting = 0 files. Parameters for the subsequent reslicing: resliced 

images = all images + mean image, interpolation = 7th degree b-spline, wrapping = no 
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wrap, masking = mask images. Files containing detected motions parameters were saved 

for later use as GLM regressors. 

4-3-5-1-4 COREGISTRATION 

In addition to indirect reorientation to the AC/PC line, functional files were coregistered 

to the reoriented structural files as reference images through normalized mutual 

information, separation = [4 2], standard tolerances and histogram smoothing = [7 7].  

4-3-5-1-5 SEGMENTATION 

The reoriented structural images were segmented into their constituting tissues (gray 

matter, white matter, cerebral spinal fluid, skull, and soft tissue) and resulting forward 

deformation fields were saved for further use in normalization. Segmentation was carried 

out with following parameters: bias regularization = light regularization (0.001) bias 

FWHM = 60 mm cutoff, save bias corrected = save field and corrected, num. gaussians 

(all five tissue classes) = 1, native tissue (all five tissue classes) = native space, warped 

tissue (all five tissue classes) = none, MRF parameter = 1, clean up = light clean, warping 

regularization = 1x5 double, affine regularization = ICBM space template – European 

brains, smoothness = 0, sampling distance = 3, deformation fields = inverse + forward. 

Inverse deformation fields and bias corrected files were saved for potential later use. 

4-3-5-1-6 NORMALIZATION 

Normalization of the functional and structural datasets was done via the saved forward 

deformation fields from the previous segmentation step. Parameters used for the 

normalizations of the functional EPI-datasets: bounding box = 2x3 double, voxel sizes = 

[3 3 3], interpolation = 4th degree b-spline. Structural datasets were normalized to use as 

backgrounds for the visualization of functional imaging analyses. Parameters here were: 

bounding box = 2x3 double, voxel sizes = [1 1 1], interpolation = 4th degree b-spline.  
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4-3-5-1-7 SPATIAL SMOOTHING 

Spatial smoothing was done on the normalized, functional files with the following 

parameters: FWHM = [8 8 8], data type = same, implicit masking = no.  

4-3-5-2 (POC) PROCESSING OF LOG FILES 

For every participant, the corresponding Presentation log file and a general Excel 

annotation-file for the presented 1st-person video were imported into a custom MATLAB 

script. From the Presentation log files which contained the inter-trial timing information 

as well as the timings of the scanner pulses, indicating the start of each new volume 

acquisition, and the Excel file that contained the timing information concerning the 1st-

person video’s annotated events, multiple-condition files were created for the GLM and 

ICA analyses. 

In addition to the previously annotated semantic categories, two meta-categories were 

constructed, as shown in table 4-2, combining all events of object interaction as well the 

events of walk and survey that depicted no direct interaction with objects.  

 
Table 4-2: combinations of motions of the arm and hand for further differentiation of brain activity . 
The label of the newly generated meta-category is given in the left column. The constituting semantic 
categories are given in the right column. 

Label Combination 

object_interaction reach + lift + place + retract + switch 

survey_walk survey + walk 

 

For the GLM-analysis, the condition-file spanned the whole experiment and consisted of 

the timing parameters for events of survey, walk, reach, lift, place, retract and switch as 

well as for fixation dots for low-level baseline and 3rd-person video presentations for high-

level baseline use.  

For the ICA-analysis, the combined timing information concerning the meta-events of 

object_interaction and survey_walk was written into condition files whose timing 

corresponded to the 1st-person video trials. From the timing information of the log-files, 

copies of preprocessed functional MRI datafiles were split into respective parts that 

covered these 1st -person video presentations. 
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Furthermore, brief statistics were calculated for a general overview over the annotated 

events the presented 1st-person video. 

4-3-6 (POC) STATISTICAL FMRI-ANALYSES 

The Proof of Concept’s fMRI-datasets were evaluated on a group level via exemplary 

GLM and ICA analyses for design validation and decisions concerning the planned fMRI-

study. 

The General Linear Model (GLM) thereby employs a linear regression to explain a 

dependent variable, in this case the signal strength of a voxel, by one or more independent 

variables. Its equation reads as follows: yi� β0�β1xi�ϵi 

, where yi  is the dependent variable and xi  is an independent variable. The intercept 

(minimum value of yi) is defined as β0, the slope (linear relationship between dependent 

and independent variable) as β1, and the error term (random noise) as ϵi. For every data 

point within the voxel’s time series, this equation is usually set up with multiple 

independent variables such as stimulus class and intensity or further regressors such as 

head movement vectors and put into a design matrix (Poline & Brett, 2012). When set up, 

regressors in the matrix are convolved with the hemodynamic response function and from 

this, linear combinations of parameters can be built to, e.g., resolve the contrasts of 

different stimuli classes (Beckmann et al., 2003; Monti, 2011) 

An Independent Component Analysis (ICA) assumes that specific brain functions are 

represented within particular areas, which themselves can be distributed within the brain 

(Philips et al., 1984). The signals of single- or multifocal brain areas that are active in 

relation to processes such as picking up an object are thus to some extend unrelated to the 

signals of other areas that participate in processes like listening to scanner noise. Separate 

processes can therefore be expressed by spatially independent components of which each 

has its characteristic signal time course and component map. Representing multifocal 

brain areas, these component maps consist of a spatial distribution of voxel values within 

the scan volume and are thought to be potentially partially overlapping. Assuming some 

key characteristics such as limits in overlap, a level of sparsity and a linear sum of all 

components at a voxel’s time series in cases of overlap, components can be separated via 

blind source separation algorithms (McKeown et al., 1998).  
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4-3-6-1 (POC) GENERAL LINEAR MODEL 

The GLM-analyses were conducted via SPM, beginning with separate 1st-level, single 

subject analyses. Resulting contrast categories were combined in subsequent 2nd-level 

group analyses. For the GLM results, no detailed analysis was planned in regard to 

activation patterns within anatomical regions, due to the small group size. It was rather 

conducted to decide which baseline to choose for the later study. 

(POC) 1ST-LEVEL ANALYSES 

Single subject analyses had the following specifications: interscan interval = 2.5, 

microtime resolution = 46, microtime onset = 2. The preprocessed EPI scans with an 8mm 

smoothing kernel were used in conjunction with the created condition-files. Additional 

multiple regressors were imported from the resulting motion parameter files of the 

realignment step of the preprocessing pipeline. EPI data were filtered with a high-pass 

filter of 128 Hz. The factorial design had no model derivatives, global normalization = 

none, masking threshold = 0.8 and serial correlations = autoregressive AR (1) model. 

After model estimation, contrasts were built between the semantic event categories and 

both baselines, leading to following contrast conditions: 

- lift > 3rd-person video, lift > fixation dot 

- leach > 3rd-person video, reach > fixation dot 

- place > 3rd-person video, place > fixation dot 

- retract > 3rd-person video, retract > fixation dot 

- switch > 3rd-person video, switch > fixation dot 

- walk > 3rd-person video, walk > fixation dot 

- survey > 3rd-person video, survey > fixation dot 

 

(POC) 2ND-LEVEL ANALYSES  

For the group analysis with n=5 participants, the contrast files from the single subject 

analyses were used in separate 2nd-level factorial design specifications for each contrast 

class, using no additional covariates or normalization but an implicit masking parameter. 

Designs were again estimated, and group contrasts were built. 
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Resulting t-statistic files for all contrasts were thresholded at p ≤ 0.005, uncorrected for 

family-wise error and a cluster size of ≥ 10 voxels then visualized via xjView and saved 

for later anatomical analyses. 

4-3-6-2 (POC) INDEPENDENT COMPONENT ANALYSIS 

A group-ICA was conducted over all 5 participants using an ICASSO stability analysis 

with 20 runs to determine and assure the reliability of the component estimates 

(Rachakonda et al., 2010). Main parameters were kept at their standard values with main 

ones as: back reconstruction type = GICA, data preprocessing = intensity normalization, 

automatic estimation of components, infomax algorithm and no scaling of results. The 

number of independent components was automatically estimated at 24. 

The resulting components each consisted of a mean z-scored spatial activation map for 

all participants as well as participant-specific maps. The waveforms of each component 

were also present as a mean waveform, calculated over all participants as well as 

participant-specific waveforms. Mean spatial component maps were thresholded at z ≥ 

3.3 then visualized via xjView with a minimum cluster size of ≥ 10 voxels. They were 

also saved for later anatomical analyses, although due to technical limitation, without 

cluster size threshold. 

4-3-6-2-1 (POC) DETERMINATION OF TASK-RELEVANT 

COMPONENTS 

The subject-specific waveforms of the resulting components were correlated with the 

meta-category of object_interaction via Spearman rank correlation, as demonstrated in 

Figure 4-2, via convolution of presentation timings of categorial events with the 

hemodynamic response function.  
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Figure 4-2: Processing of annotated events . Events of various annotated semantic categories (e.g., 
‘object interaction’) were convolved with the hemodynamic response function, resulting in unique 
waveforms for each category. These waveforms were then correlated to the specific signals of the 
components from the ICA. 

Component waveforms with a high temporal correlation to this category of events were 

suspected to encompass brain areas that are susceptible to the general stimuli of object 

interaction and thus relevant to the task. Since the phases of the meta-categories 

object_interaction and survey_walk were contrary, a positive correlation for 

object_interaction would mean a negative correlation to survey_walk and vice versa. 

4-3-6-2-2 (POC) SEMI-AUTOMATED EVENT RECOGNITION 

For an exemplary form of semi-automated event recognition, the component waveform 

with the highest temporal correlation to the meta-category of object_interaction was used 

with a custom peak detection script to generate a novel annotation of a ‘neuronally-

generated’ event category. 

4-3-6-3 (POC) PROCESSING OF GLM & ICA VOXEL DENSITY 

The saved thresholded activation maps of GLM- and ICA analyses were loaded into 

custom MATLAB-scripts, and activation patterns were identified in respect to their 

neuroanatomical characteristics by aligning them with atlas data derived from the human 

brainnetome atlas (see, Fan et al., 2016).  Resulting voxel density lists were saved and 

visualized vial custom MATLAB scripts.  

For the Proof of Concept study, density lists were calculated to the level of larger sub-

regions of the brain’s lobes and subcortical nuclei. Voxel densities were listed as total 

number of active voxels per region as well as relative number of voxels, by dividing the 

number of active voxels by the total number within a region. Visualization was based on 
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the relative number. Due to aforementioned technical limitations, the calculation of voxel 

density for ICA activation maps had to be done without the usual cluster threshold of ≥ 

10 voxels. Minor deviations between voxel density lists and graphs and visualization were 

thus expected. 

4-3-7 (POC) RESULTS 

The results from the Proof of Concept analysis only served the validation of general 

experimental design principles and thus no deeper analysis of factors such as anatomical 

regions within activation patterns were conducted. Some examples are nevertheless given 

here, in context of validity and consequent design decisions for the main study.  

4-3-7-1 (POC) EVENT STATISTICS 

As shown in table 4-3, events of all categories occurred regularly, except for the category 

of survey with only two presented events near the start and the end of the video, Events 

of walk had the highest frequency with 28 counts, followed by events of place and retract. 

Since a placing of an object always followed a retraction of an arm, these had the same 

quantity. The same was true for events of reach and lift with 14 occurrences each. Events 

of object switches between hands had the seconds lowest frequency of all base events 

with a count of 10. 

The events of meta-category ‘survey_walk’ were shown 28 times per video presentation. 

Most of this was attributed to base events of walk. General object interaction was 

presented 27 times. 

 
Table 4-3: Number of occurrences per video presentation:  The label of the category is given in the 
top row; the occurrence count is given in the bottom row. Numbers are for a single video presentation. 

category survey walk reach lift place retract switch survey_walk obj_interact 

count 2 28 14 14 26 26 10 28 27 

 

Since numbers represent one video presentation, they must be doubled to accurately cover 

the analyzed fMRI data consisting of two video presentations. 

Category durations are shown in figure 4-3. Out of the base categories, as depicted in 

figure 4-3 A, survey events had the largest median duration of t̃ � 5.5 s. With t̃ � 3.92 s, 
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events of walking had the second longest median duration. Events of reach had a median 

duration of t̃ � 2.78 s. Events of lift had the second smallest median with t �� 1.64 s, 

while place events had a median of t �� 3.44 s. The shortest median duration was found 

in events of arm retractions with t̃ � 5.5 s. The switching of objects between hands had a 

median duration of t̃ � 2.18 s. 

 
Figure 4-3: Boxplots for the durations of events belonging to annotated semantic categories.  Figure 
A shows the distribution of durations for the base categories. Figure B shows the distribution of durations 
for the combined meta-categories. Respective categories are plotted on the abscissa, duration in seconds 
on the ordinate. The Horizontal red line of each boxplot represents the median, the y-extend of the box 
represents the interquartile range, containing 50% of data. The whisker length covers the top and bottom 
25% of data, excluding outliers. These are marked by a red “x”.   

The two meta-categories are depicted in figure 4-3 B. The combined events of survey and 

walk had a median duration of t̃ � 4.22 s. The events of the meta-category of object 

interaction had a median duration of t̃ � 5.09 s. 
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4-3-7-2 (POC) GENERAL LINEAR MODEL EXAMPLES 

For the results of the General Linear Model, only two event examples were chosen for a 

more detailed visualization, in order determine the best baseline to contrast against in 

later studies. Due to the small activation clusters, a threshold of 0.025 relative activation 

size was chosen for the textual description of the voxel pattern analysis. The relative 

activation size within areas was given in brackets after the listing of the area. 

Activation maps of the remaining event categories can be found as axial slices in appendix 

d-1-1 as well as voxel density tables in appendix d-1-2. 

4-3-7-2-1 (POC) LIFT 

The spatial characteristics of the contrasts of episodes of the category lift > 3rd-person 

video presentations and lift > fixation dot presentations are shown in figure 4-4 via an 

overlay over normalized axial brain slices. Figure 4-4 A illustrates the contrast of lift > 

3rd-person video, while figure 4-4 B illustrates the contrast of lift > fixation dot.  

 
Figure 4-4: Activation maps for the contrasts of the Proof of Concept event category of lift > 3 rd-
person video presentation and lift > fixation dot at p ≤ 0.005 uncorrected and a cluster size of ≥ 10 
voxels. Figure 4-4 A depicts the activation map for the contrast of lift > 3 rd-person video presentation, 
while figure 4-4 B depicts the activation map for the contrast of lift > fixation dot in colors corresponding 
to respective t-scores. The maps were superimposed over axial slices of the mean of all 30 participants’ 
normalized structural scans. 
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The voxel density analyses for these activation maps are illustrated in figure 4-5, with the 

contrast of lift > 3rd-person video represented in figure 4-5 A and lift > fixation dot 

represented in figure 4-5 B. 

For lift > 3rd-person video, the parietal lobe had relative activation sizes of 0.009 left and 

0.017 right, with the left and right precuneus (0.028│0.028) and right postcentral gyrus 

(0.047) passing the threshold level of 0.025. Further, only left-hemispheric nuclei of the 

thalamus in (0.09) passed the threshold. 

For lift > fixation dot, the frontal lobe had relative activation sizes of 0.011 left and 0.018 

right, with the left and right middle frontal gyrus (0.035│0.049) and right inferior frontal 

gyrus (0.027) passing the threshold size. 

 

 
Figure 4-5: Bar charts representing voxel density of the activation maps for the contrasts of the 
Proof of Concept event category of lift > 3 rd-person video presentation and lift > fixation dot at p ≤ 
0.005 uncorrected and a cluster size of ≥ 10 voxels.  The charts provide an overview over voxel density 
in respect to regions within the brain. The ratio of active voxels to total number of voxels within a region 
is depicted with bars ranging from 0 to 0.25, divided into left and right hemisphere. Region names on 
the left are color coded in respect to frontal lobe (orange), temporal lobe (dark blue) parietal lobe (green) 
insular lobe (magenta), limbic lobe (purple), occipital lobe (light blue), subcortical nuclei (brown) and 
cerebellum (black). Figure 4-5 A depicts the contrast of lift > 3 rd person video presentation, while figure 
4-5 B depicts the contrast of lift > fixation dot. 

The temporal lobe had relative activation sizes of 0.02 left and 0.03 right, with the left 

and right middle temporal gyrus (0.033│0.04), left and right inferior temporal gyrus 
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(0.027│0.064), right fusiform gyrus (0.038) and left posterior superior temporal sulcus 

(0.056) passing the threshold. 

The parietal lobe had relative activation sizes of 0.064 left and 0.048 right, with the left 

and right superior parietal lobule (0.07│0.053), left and right inferior parietal lobule 

(0.087│0.046) and left and right precuneus (0.073│0.078) above threshold. 

The insular- and limbic lobe and their corresponding left insular gyrus (0.03) and left and 

right cingulate gyrus (0.058│0.048) also passed the threshold for relative activation size. 

The occipital lobe had relative activation sizes of 0.081 left and 0.128 right, with the left 

and right medioventral occipital cortex (0.076│0.07) and left and right lateral occipital 

cortex (0.085│0.172) above threshold. 

Further activation clusters over threshold size were found in left and right hemispheric 

thalamic nuclei (0.056│0.054) and parts of the left hemisphere of the cerebellum (0.049). 

4-3-7-2-2 (POC) WALK 

The spatial characteristics of the contrasts of episodes of the category walk> 3rd-person 

video presentations and walk > fixation dot presentations are shown in figure 4-6, via an 

overlay over normalized axial brain slices. Figure 4-6 A illustrates the contrast of walk > 

3rd-person video, while figure 4-6, B illustrates the contrast of walk > fixation dot.  

The voxel density analyses for these activation maps are illustrated in figure 4-7, with the 

contrast of walk > 3rd-person video represented in figure 4-7 A and walk > fixation dot 

represented in figure 4-7 B. 

For walk > 3rd-person video, the parietal lobe had relative activation sizes of 0.009 left 

and 0.007 right, with the left and right superior parietal lobule (0.026│0.04) passing the 

threshold of 0.025 for relative activation size. For this contrast, no further regions did. 

For walk > fixation dot, the frontal lobe had relative activation sizes of 0 left and 0.008 

right, with the right inferior frontal gyrus (0.077) passing the threshold. The temporal lobe 

had relative activation sizes of 0.005 left and 0.012 right, with the right inferior temporal 

gyrus (0.028) of the same size. 
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Figure 4-6: Activation maps for the contrasts of the Proof of Concept event category of walk > 3 rd-
person video presentation and walk > fixation dot at p ≤ 0.005 uncorrected and a cluster size of ≥ 
10 voxels. Figure 4-6 A depicts the activation map for the contrast of walk > 3 rd-person video 
presentation, while figure 4-6 B depicts the activation map for the contrast of walk > fixation dot in 
colors corresponding to respective t-scores. The maps were superimposed over axial slices of the mean 
of all 30 participants’ normalized structural scans. 

The parietal lobe had relative activation sizes of 0.006 left and 0.038 right, with the right 

superior parietal lobule (0.053) and right inferior parietal lobule (0.062) above threshold. 

The left limbic lobe and its corresponding left cingulate gyrus (0.035) also had activation 

clusters above this relative size. 

The occipital lobe had relative activation sizes of 0.042 left and 0.103 right, with the left 

medioventral occipital cortex (0.036) and left and right lateral occipital cortex 

(0.026│0.04) passing the threshold.  

Further activation clusters of minimum relative size were found in the left and right 

cerebellar hemispheres (0.054│0.043) 
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Figure 4-7: Bar charts representing voxel density of the activation maps for the contrasts of the 
Proof of Concept event category of walk > 3 rd-person video presentation and walk > fixation dot at 
p ≤ 0.005 uncorrected and a cluster size of ≥ 10 voxels.  The charts provide an overview over voxel 
density in respect to regions within the brain. The ratio of active voxels to total number of voxels within 
a region is depicted with bars ranging from 0 to 0.25, divided into left and right hemisphere. Region 
names on the left are color coded in respect to frontal lobe (orange), temporal lobe (dark blue) parietal 
lobe (green) insular lobe (magenta), limbic lobe (purple), occipital lobe (light blue), subcortical nuclei 
(brown) and cerebellum (black). Figure 4-7 A depicts the contrast of walk > 3 rd person video presentation, 
while figure 4-7 B depicts the contrast of walk > fixation dot. 

4-3-7-2-3 (POC) GLM DISCUSSION 

Discussion of the GLM analysis results is kept brief, since group statistics on such a small 

group of n=5 participants made it hard to receive reliable results through the General 

Linear Model, as evidenced by the low p-threshold of p ≤ 0.005 without FWE correction. 

Brain activation was thus only given exemplarily for two event categories and not 

discussed in detail in terms of activated brain areas, their established functions, and 

ensuing implications of recorded differences of activation patterns between categories. 

This was not the main goal of this analysis in the first place. Rather, it was to be explored 

whether different patterns could be observed at all for different event categories through 

the GLM analysis of complex naturalistic stimuli and whether a classic low-level baseline 

in form of a fixation dot would be the contrasting event of choice or if advantages could 

be found in using a higher level baseline such as the tested 3rd-person video.  

Nonetheless, indications that different categories of experienced events would lead to 

distinct allocation of brain activity stemming from the neuronal processing principles as 
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outlined in the theoretical part could already be found in this small group analysis. In case 

of the exemplary categories of lift and walk, the object interactions experienced during 

lift events resulted in an activation of a more complex network of brain regions when 

compared to walk. For example, overall larger and more varied areas in the frontal lobes, 

especially the middle frontal gyri were covered, suggesting an activation of executive 

planning functions and possible recruitment of further motor association areas such as 

parts of the, e.g., premotor cortices. 

Next to the frontal lobe, a larger activation the temporal- and parietal lobes was observed. 

Areas of the temporal lobe such as the inferior temporal gyrus with its role for object 

identification in the ventral visual processing stream and the fusiform gyrus, which was 

shown to play roles various high-level study related visual processing functions such 

object recognition as well as general multimodal association (for a review, see: Weiner 

& Zilles, 2016) showed increased activated volumes, suggesting processing of features 

of interacted objects. 

Larger activation sizes in the parietal lobe could, next to heightened multimodal 

association needs, suggest increased activity concerning spatial representation of 

perceived objects and preparation of motor actions in combination with prefrontal areas 

with the possible inclusion of mirror neuron networks. The precuneus as an area of 

increased activation size was also shown to be involved in, e.g., motor imagery 

(Hanakawa et al., 2003), the coordination of motor behavior (Wenderoth et al., 2005), as 

well as mental self-representation and perspective taking (Lou et al., 2004; Ruby & 

Decety, 2001), however with increased activity for 3rd-person perspectives. It was also 

shown to be involved in mental navigation (Ghaem et al., 1997), thus slightly 

contradicting the exemplary GLM results from this Proof of Concept study but also 

emphasizing its highly multifunctional role. Additionally, heightened activity in 

precuneus and fusiform gyrus could be explained by their involvement in processing of 

event boundaries. Furthermore, activity in the occipital lobe was generally higher, 

suggesting a heightened level of processing of visual stimuli during these object 

interaction events, at least in case of the exemplary category.  

 

Most of these differences were only or at least far more clearly pronounced in the 

contrasts against the low-level baseline. Contrasting against 3rd-person video presentation 
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often hid or lowered pattern differences. While this was expected for the areas primarily 

involved in lower-level visual processing, it was also the case for almost all other brain 

regions. Since the passively watched 3rd-person video also covered the same activities as 

the 1st-person video, and mental representation tasks are thought to be at least partially 

perspective independent, albeit with possible less effectiveness, e.g., in case of motor 

imagery, the decreased activity in nearly all brain areas for contrasts involving the 3rd-

person video seemed logical. 
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4-3-7-3  (POC) INDEPENDENT COMPONENT ANALYSIS 

The ICA algorithm estimated 24 components of which all but components 21 and 23 had 

relatively high reliability (see appendix d-2-1 for the reliability estimation graph). 

Activation patterns of all 23 components can be found appendix d-2-2.  

Spearman rank correlation of the components’ subject-specific waveforms with the meta-

category of object_interaction, as illustrated in figure 4-8, resulted in two components 

whose temporal characteristics qualified for further analysis. 

 

 
Figure 4-8: Boxplots representing correlation between participants’ component waveforms and the 
hrf-convolved waveform of object interaction events . ICA components are plotted on the abscissa, 
duration in seconds on the ordinate. The Horizontal red line of each boxplot represents the median, the 
y-extend of the box represents the interquartile range, containing 50% of data. The whisker length covers 
the top and bottom 25% of data, excluding outliers. These are marked by a red “x”. The notch 
approximates the 95% confidence interval. 

With a median Spearman correlation coefficient of Rs� � 0.3859, component number six 

positively correlated with events of the meta-category of object_interaction. The subject 

specific waveforms of component number eight however showed a negative correlation 

to object interaction events with a median correlation coefficient of Rs� � -0.4564 and 

thus positively correlated with the events of the meta-category of survey_walk, since this 

category had opposite timings to object interaction. 
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4-3-7-3-1 (POC) COMPONENT CHARACTERISTICS  

For the textual report of the voxel density analysis of the Proof of Concept ICA 

component maps, a threshold of relative activation size of 0.1, meaning 10% of a whole 

anatomical area, was selected. This threshold was chosen since patterns of the ICA 

analysis were relatively simple but with larger clusters than in the Proof of Concept GLM 

examples. Similar to the GLM report, the relative size of each reported area was given in 

brackets after the listing of the respective area. 

(POC) COMPONENT 6 

The spatial characteristics of the component map for Proof of Concept ICA component 6 

are shown in figure 4-9 via an overlay over normalized axial brain slices. The voxel 

density analysis for this activation map is illustrated in figure 4-10.  

 

 
Figure 4-9: Activation map for Proof of Concept ICA component 6 with a z-score of ≥ 3.3 and a 
cluster size of ≥ 10 voxels.  The component map is depicted in colors corresponding to its z-scores 
superimposed over axial slices of the mean of all 5 participants’ normalized structural scans. 
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Activity within this component map was found in the temporal lobe, with relative 

activation sizes of 0.05 left and 0.04, with the left and right fusiform gyrus (0.24│0.24) 

passing the relative size threshold of 0.1.  

The occipital lobe had activation sizes of 0.38 left and 0.31 right, with the left and right 

medioventral occipital cortex (0.16│0.15) and the left and right lateral occipital cortex 

(0.55│0.43) above threshold level. 
 

 
Figure 4-10: Bar chart representing voxel density of the activation map of Proof of Concept ICA 
component 6 for z-score ≥ 3.3.  The chart provides an overview over voxel density in respect to 
regions within the brain. The ratio of active voxels to total number of voxels within a region is 
depicted with bars ranging from zero to one, divided into left and right hemisphere. Region names on 
the left are color coded in respect to frontal lobe (orange), temporal lobe (dark blue) parietal lobe 
(green) insular lobe (magenta), limbic lobe (purple), occipital lobe (light blue), subcortical nuclei 
(brown) and cerebellum (black). 

(POC) COMPONENT 8 

The spatial characteristics of the component map for Proof of Concept ICA component 8 

are shown in figure 4-11 via an overlay over normalized axial brain slices. The voxel 

density analysis for this activation map is illustrated in figure 4-12.  
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Figure 4-11: Activation map for Proof of Concept ICA component 8 with a z-score of ≥ 3.3 and a 
cluster size of ≥ 10 voxels.  The component map is depicted in colors corresponding to its z-scores 
superimposed over axial slices of the mean of all 5 participants’ normalized structural scans. 

Activity within this component map was found in the parietal lobe, with relative 

activation sizes of 0.03 left and 0.05, with the left and right precuneus (0.14│0.25) 

passing the relative size threshold of 0.1.  

The occipital lobe had activation sizes of 0.38 left and 0.35 right, with the left and right 

medioventral occipital cortex (0.78│0.74) above threshold level. Further activation sizes 

above threshold were found in the right amygdala (0.2) 
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Figure 4-12: Bar chart representing voxel density of the activation map of Proof of Concept ICA 
component 8 for z-score ≥ 3.3.  The chart provides an overview over voxel density in respect to regions 
within the brain. The ratio of active voxels to total number of voxels within a region is depicted with 
bars ranging from zero to one, divided into left and right hemisphere. Region names on the left are color 
coded in respect to frontal lobe (orange), temporal lobe (dark blue) parietal lobe (green) insular lobe 
(magenta), limbic lobe (purple), occipital lobe (light blue), subcortical nuclei (brown) and cerebellum 
(black). 

4-3-7-3-2 (POC) SEMI-AUTOMATED EVENT RECOGNITION 

Figure 4-13 shows an exploratory example of a semi-automated event recognition script 

based on the Proof of Concept ICA component 6. Out of the ten subject-specific 

waveforms of this component (five subjects with two runs each), the waveform with the 

highest temporal correlation with the meta-category of object interaction was chosen to 

function as an indicator for object interaction or perception events through a simple peak 

detection algorithm.  
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Figure 4-13: Semi-automated event recognition via Proof of Concept ICA component waveform.  
The upper picture shows a still frame of the presented video. A subject-specific component map and 
waveform of the Proof of Concept ICA component 6 are plotted below. The ICA waveform was shifted 
by 6 seconds to the left in order to compensate for hrf-lag, and a vertical red bar indicates the timing of 
the waveform in respect to current video position as indicated by the still frame. Peaks within the 
waveform were used to build novel ‘neuronal’ events with a 5 second (2*TR) peak window, as indicted 
by black bars in the lower row.  

Whenever a peak was observed within the component’s waveform, a novel event was 

created within a 2*TR window (5 seconds) around this peak. While window size was 

chosen arbitrarily, the timings of the newly created event category were able to give a 

broad indication of singular object interaction event within the video. 

4-3-7-3-3 (POC) ICA DISCUSSION 

Although the main goal of the Proof of Concept ICA analysis lay in the establishment of 

general methods and analysis pipelines prior to the conduction of a larger study, as was 

the case for the GLM analysis, most resulting components were already stable over all 

participants and exhibited distinct patterns in their spatial component maps. Due to their 

temporal characteristics, the component maps of the two components with apparent task-
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relevancy in respect to correlation with generalized object interaction represented areas 

with high activity during object interaction in case of component 6 as well as areas with 

low activity during these events in case of component 8, effectively representing high 

activity levels during events of walking and surveying the environment. 

Since both maps had large volumes of active voxels within the occipital lobe, a quick 

overview over their compartmentalization within the brainnetome atlas and their 

proposed functions that were not covered in the theoretical background is needed. 

Within the brainnetome atlas, the major subdivisions of the occipital lobe are the 

medioventral occipital cortex and the lateral occipital cortex. Consisting of, amongst 

other, the primary visual cortex, the superior-, middle- and inferior occipital lobe as well 

as areas V5/MT+, the lateral occipital cortex was proposed to be primarily involved in 

basic visual processing, visual object and motion perception (Malikovic et al., 2016) and 

the classification of objects based on shapes, contours and motion information (Dupont 

et al., 1997), possibly facilitating other object recognition processes (Grill-Spector et al., 

2000). 

 

The most prominent structures of the medioventral occipital cortex are the cuneus and the 

lingual gyrus. While the cuneus was shown to be involved in the first stages of visual 

processing (Vanni et al., 2001), the lingual gyrus was proposed to be involved in study 

relevant functions such as processing of landscapes in connection with parahippocampal 

areas and parts of the fusiform gyrus (Takahashi & Kawamura, 2002) and was shown to 

exhibit heightened activity during recognition of objects which were gradually revealed 

from noise (Meppelink et al., 2009). It was further proposed that the lingual gyrus would 

be involved in the processing of textural information, as opposed to the shape dominated 

processing in the lateral occipital cortex (Cant & Goodale, 2007). 

 

Besides the occipital lobe, the most prominent activation of the ‘object interaction’-

correlated component 6 was found within the fusiform gyrus. Its proposed involvement 

in object identification would be in accordance with its heightened activity here. This was 

in line with the spatial distribution within the occipital lobe that leaned towards larger 

activated volumes in the lateral occipital cortex and its shape and motion based object 

classification. The mesial parts with more whole-scene related processing would be less 
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involved in these events, however still contributing texture-based classification functions 

and early visual processing. 

While the ‘survey & walk’-correlated component 8 map’s temporal lobe activation sizes 

lay below threshold for textual report, it nonetheless had activity within areas of the 

fusiform gyrus and parahippocampal gyrus. The parahippocampal gyrus was found to be 

involved in declarative memory formation, as well as more specialized tasks e.g., the 

encoding of objects, their locations, and their retrieval from memory as well as general 

topographical learning (Aguirre et al., 1996; Maguire et al., 1998; Owen et al., 1996) and 

the selection of objects and landmarks important for successful navigation, (Janzen & van 

Turennout, 2004), and in its role of categorical scene recognition it was shown to be 

highly active for visual stimuli in form of whole scenes but less so for single objects 

(Epstein & Kanwisher, 1998). 

Compared to the component map for object interaction, activity in the temporal lobe for 

survey and walk was plausibly shifted from almost pure single object recognition focus 

towards whole-scene recognition and larger scale-spatial information processing. With a 

large activation volume here, the role of the precuneus for mental navigation and 

perspective taking would fit into this reasoning, together with the pronounced dominance 

of the medioventral occipital cortex, especially regarding the co-involvement of the 

parahippocampal gyrus for landscape processing. Its proposed increased activity during 

revelation of objects from noise would correlate with walking and subsequent surveying 

events in which a whole scene was approached, and a transitional surveying phase led to 

events of object interaction.  

While activation in both component maps was consistent with their temporal 

characteristics from a neurophysiological point of view, it stood to reason that neither 

component actually dealt with the object interaction from an executive perspective due to 

the lack of more than rudimentary activation within the frontal areas of both component 

maps. Because of this, they likely represented different dimensions of perception 

regarding everyday activities in this context. Furthermore, the spatial patterns of 

component 8 had similarities with resting state networks of the visual system (Beckmann 

et al., 2005), which would have to be analyzed further. 
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The exploratory semi-automated event recognition already showed promising results 

from one of the participant’s waveforms of component 6 and its object 

interaction/perception maps with well-defined larger episodes of high signal amplitude 

during chunks of object interaction and presentation and peaks during what seemed like 

increased focus on single objects. Results of the finalized study would have to give a 

clearer indication about reproducibility. 

4-3-8 (POC) CONCLUSIONS & LESSONS FROM PROOF OF CONCEPT 

STUDY 

Even in this extremely limited study, first indications were given for a high chance of 

validity of the proposed hypotheses as stated in paragraph 3-1 and action dependent 

allocation of brain activity was found in exemplary ways through GLM analyses and in a 

more generalized way through ICA analyses. Results from GLM and ICA approaches 

were logically comparable with only minor discrepancies that could be attributable to the 

small group size and therefore large p-threshold of p ≤ 0.005 for the GLM analysis. 

Exploratory tests of semi-automated event recognition within video streams based on the 

latter approach also showed promising results. 

The combined approach of GLM and ICA was fruitful for exact spatial analyses through 

GLM that is dependent on prior assumptions and a more generalized spatial analysis 

through ICA that is less reliant on these. The latter method also showed that temporal 

characteristics of events could be deduced from neuronal activity. An exact verification 

of previously defined categories such as lift and place might however not be possible due 

the inherent lack of temporal resolution and a too broad component division via the 

underlying algorithms. A contrasting against a low-level baseline was further deemed 

best practice in case of GLM analysis. 

Although results were promising within the employed experimental design, certain 

changes would be in order to finetune parts of it. 

Concerning the employed videos, some choppiness was witnessed, especially during 

camera pans, so an increase in refresh rate was deemed beneficial. Furthermore, 

participants of the Proof of Concept study reported problems to keep their focus on the 

presented actions without becoming tired after just minutes. On one hand, this was caused 

by fact that the theme of the observed actions was not the most exciting, and this could 
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not be changed. On the other hand, presented actions were deliberately kept slow and 

easily recognizable within the Proof of Concept study for the establishment of the 

working base design. This certainly contributed to tiring out participants and would thus 

be changed in the finalized study, which would also better represent everyday actions 

performed by an experienced agent. 

Due to inconsistencies in Presentation software timing concerning precaching and 

automatically playing videos right after, adjustments were made to the script coding so 

that video precaching was followed by the script waiting for the next scanner pulse to 

arrive. This way, all stimuli were at a fixed temporal distance to the respective volume 

acquisition for each subject and later analyses could be conducted without extensive 

timing adjustments, e.g., in case of ICA correlation analyses. 

Furthermore, the employed brainnetome atlas would be used to full extend of its spatial 

granularity in the finalized study so a more accurate assessment of involved sub-regions 

such as the premotor cortices would be possible which could not be spatially resolved in 

the Proof of Concept study.
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4-4 VIDEO RECORDINGS 

The finalized fMRI study expanded its scope and complexity of employed video material 

compared to the Proof of Concept study, while still focusing on the general table setting 

scenario. For this, a new set of videos was recorded in EASE-BASE with additional 

videos recorded in the RoboLab. Through this addition, the study could generalize event 

categories over different scenarios and environmental characteristics and pinpoint their 

fundamental features. While not part of this thesis, results could also be analyzed in later 

steps in respect to scenario- and laboratory-specific differences of each event category. 

Still frames of newly recorded videos in the EASE-BASE are shown in Picture 4-6. 

 

 
Picture 4-6: EASE-BASE table setting video from the 1st-person perspective . Depicted are 
videoframes of 1st-person videos that were recorded in EASE-BASE to be shown as stimulus material to 
participants of the finalized fMRI study. Picture 4-6 A shows the source area from which object were 
transferred to the target area shown in picture 4-6 B. Picture 4-6C further illustrates the view of 
participants on the source area during the picking up of an object, while picture 4-6 D depicts the object 
being placed on the table at the target area. 

The general setting within the laboratory stayed the same in terms of source area as 

depicted in picture 4-6 A, target area as depicted in picture 4-6 B as well as view of fMRI-

participants on object interactions within both areas as depicted in picture 4-6 C and 
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picture 4-6 D. However, variations were incorporated from updated laboratory setups, 

such as tablecloth and newly available objects. 

 

Picture 4-7 depicts still frames from videos recorded in the RoboLab.  

 

 
Picture 4-7: RoboLab table setting video from the 1st-person perspective . Depicted are videoframes 
of 1st-person videos that were recorded in RoboLab to be shown as stimulus material to participants of 
the finalized fMRI study. Picture 4-7 A shows a part of the larger source area consisting of a realistic 
kitchen setup. An overview of the target area is shown in picture 4-7 B. Picture 4-7 C-D illustrate 
additional the participants’ view on additional actions that were performed within the kitchen RoboLab 
environment such as opening and closing of drawers (Picture 4-7 C & Picture 4-7D) and the fridge door 
(Picture 4-7 F). Picture 4-7 F depicts object being placed on the table at the target area. 

While the sequence of table setting actions based on a source area as partly shown in 

picture 4-7 A and a target areas as shown in picture 4-7 B was kept to be as close as 
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possible to videos recorded in EASE-BASE, including tablecloth and many of the 

interacted objects, some additional environmental interactions in the source area were 

shown to participants due to the increased complexity of the kitchen environment. These 

included opening and closing of drawers and the fridge door, as show in picture 4-7 C-E 

in order to retrieve objects for the source table depicted in picture 4-7 F. 

 

Results from the Proof of Concept study as well as feedback from its participants were 

considered for the recording of the latest videos, insofar as environmental interaction was 

now performed in a more realistic manner in both laboratories. Movements of arms and 

hands were executed faster, and the level of parallelly executed movements by both hands 

was raised. These changes resulted in a much more life-like table setting scenario that 

was still recognizable in terms of action depiction and had the added benefit of keeping 

the participants’ attention more consistently. For the participants to maintain an elevated 

level of vigilance, the average video duration was also reduced to around 1 minute. This 

was achieved by splitting each scenario into two separate videos, whereby one showed 

the setting of dishes and cutlery and the other the setting of food and drink items. Other 

variables, such as the recognizability of presented actions, were adopted from the earlier 

Proof of Concept videos. 

 

After sighting and cutting all recorded material from both laboratories, ten videos were 

chosen for the EASE-fMRI study, which are listed in table 4-4.  

Chosen videos had durations between 29 and 105 seconds and covered 5 scenarios, with 

two videos belonging to each. One video thereby depicted the setting of cutlery and 

dishes, and the second video covered setting of food and drink items for each particular 

scenario. Of those five scenarios, three were recorded in the EASE-Base and two in the 

RoboLab. Content wise, recordings from the EASE-Base covered a breakfast for four 

persons, and informal dinner for four persons, and a formal dinner for two persons. This 

selection spanned the usual tasks of participants who take part in table setting studies in 

this laboratory. The RoboLab scenarios were both themed around setting the table for 

breakfast, referring to related items which the robots interacted with at time of recording. 

In contrast to the Proof of Concept study, all videos were rendered with an increased 

refresh rate of 30 fps.  
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Table 4-4: Videos used for the EASE-fMRI study.  The presented scenario of each video is given in the 
leftmost column, while the second column from the left lists the subdivision of each scenario. The center 
column contains information about the environment in which each respective video was recoded, with 
the video’s duration in seconds in the second column from the right. The abbreviation with which each 
video will be denoted within the scope of this dissertation text is given in the rightmost column.  

Scenario Items Environment Duration 

[sec] 

Abbreviation 

formal dinner for 

two persons 
dishes & cutlery EASE-BASE 105 BASE_v1d 

formal dinner for 

two persons 
food & drink items EASE-BASE 58 BASE_v1f 

informal dinner for 

four persons 
dishes & cutlery EASE-BASE 87 BASE_v2d 

informal dinner for 

four persons 
food & drink items EASE-BASE 43 BASE_v2f 

breakfast with for 

four persons 
dishes & cutlery EASE-BASE 62 BASE_v3d 

breakfast for four 

persons 
food & drink items EASE-BASE 29 BASE_v3f 

breakfast with 

cornflakes for two 

persons 

dishes & cutlery RoboLab 58 ROBO_v1d 

breakfast with 

cornflakes for two 

persons 

food & drink items RoboLab 80 ROBO_v1f 

breakfast with 

bread for two 

persons 

dishes & cutlery RoboLab 82 ROBO_v2d 

breakfast with 

bread for two 

persons 

food & drink items RoboLab 66 ROBO_v2f 
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This increase resulted in smoother camera pans, a higher temporal resolution, and no 

possible syncing problems to the beamer’s internal refresh rate. Since annotation was now 

done via specialized software, and conversion between frame number and (milli)seconds 

was not needed anymore, this had no negative impacts on the annotation process. A higher 

refresh rate of 60 fps was evaluated during recording but resulted in sporadic micro stutter 

caused by the employed recording equipment.  

4-5 ANNOTATION 

The recorded videos for the 30-person fMRI-study were annotated according to basics of 

the EASE SOMA ontology (Beßler et al., 2020) that includes semantic event categories, 

which are in turn nested into different levels of length and complexity. These categories 

have been developed in collaboration with the CSL and were coordinated with the 

project’s group responsible for the internal SOMA ontology. For the scope of this thesis, 

categories of the two lowest annotation levels were used, since these directly 

encompassed the performed events in form of motions and actions, similar to contact 

events as proposed by Flanagan et al. (2006). Within the present thesis, events and their 

corresponding brain activity patterns were synonymous with NEEMs. However, since 

mean brain activity was measured over all events of a same category, the resulting brain 

activity would have logical similarities to PEAMs. To avoid this ambiguity, it was 

decided to stay with the terminology of event and event category and corresponding brain 

activity 

4-5-1 LEVEL-1: MOTIONS 

The level-1 motion type encompassed the most atomic motions that were deemed to be 

separable as distinct event categories regarding later analysis for behavioral and 

neurophysiological studies. On this level, only hand & arm motions were included for the 

present fMRI-study, since motions of the head & body, as found in the SOMA ontology, 

lacked distinguishability in 1st-person video recordings. 
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4-5-1-1 TYPE: HAND & ARM 

Table 4-5 lists the most atomic motions of the hand and arm that were used in the fMRI-

study by label and corresponding action description. Most labels of this motion type were 

further subdivided into ‘hold’ and ‘free’ sub-categories. For example, a reaching motion 

could either be executed with a free hand or one holding an item. These labels were linked 

to two distinct tiers of left and right hand execution, which resulted in four distinct 

annotation labels, e.g., right-hand: retract-free, right-hand: retract hold, left-hand: retract-

free, left-hand: retract-hold. 

 
Table 4-5: Level-1 motions of the arm and hand.  The label of the motion is given in the left column. 
A brief description of each label is given in the right column.  

Label Description 

grasp when near an item, the hand is closed around it / its handle to achieve 

a firm grip  

pull while gripping a handle of a drawer / door, the hand is moved towards 

the body 

push while gripping a handle of a drawer / door, the hand is moved away 

from the body 

reach the hand is moved away from the body 

regrasp while grasping an item, the grip is loosened for a moment and 

immediately regained 

release while grasping an item, the grip is loosened  

rest-surface the hand is kept in a resting position, supported by a surface 

rest-suspend the hand is kept in a resting position, suspended in mid-air  

retract the hand is moved towards the body 

slide with an item grasped, it is slid on a supporting surface 

 

Furthermore, optional modifier tiers could be linked to the main tiers, e.g., concerning 

whether a motion was directed to or from the opposite hand or was done in parallel with 

both hands. 
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4-5-2 LEVEL-2: ACTIONS 

Level-2 actions were a combination of level-1 motions and were thus of longer duration. 

They usually combined motions for a specific an action goal, such as picking up an item. 

4-5-2-1 TYPE: HAND & ARM 

Level-2 actions of the arm and hand, as listed in table 4-6, were a combination of 

subsequently performed level-1 motions of the arm and hand as listed in table 4-5. 

 
Table 4-6: Level-2 actions of the arm and hand.  The label of the action is given in the left column. A 
brief description of each label is given in the center column. The right column informs about which 
combination of level-1 motions of hand and arm each action consisted of.  

Label Description Combination 

pick an item is grasped from a supporting 

surface and moved it towards the body 

grasp-free/hold + 

retract-hold (hand transfer 

motions) 

place an item is placed on a supporting surface 

and is released  

(hand transfer motions) + 

reach-hold + release-free/hold 

switch an item held by one hand is transferred to 

opposite hand 

reach-hold/rest-suspend-hold 

+ release-free/hold 

rearrange an item’s position on a supporting surface 

is altered 

grasp-free/hold + slide-hold / 

rotate-hold 

open a drawer or door is opened grasp-free/hold + pull-hold 

close a drawer or door is closed grasp-free/hold + push-hold 

 

In contrast to the atomic motions of the first level, level-2 actions incorporated a context 

in terms of object interaction, such as opening and closing of drawers or doors, or the 

picking up and placing of items. The events of the switch category were a bit of an outlier 

here and most often occurred in close temporal proximity to pick and place events. In 

cases of picking up and item, the opposite hand often grabbed the item from the hand 

carrying out the pick right after or during the last phases of the picking action. In these 

cases, the switch event would be attributed to the opposite hand. In cases of placing an 

item, it was often previously held in the opposite hand shorty before and then transferred 
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to the placing hand, which immediately executed the placing action after receiving it. The 

switch action would again be attributed to the opposite hand in this case. 

4-5-2-2 TYPE: HEAD & BODY 

Actions of the head and body were also incorporated into the video annotation. Suitable 

ones for annotation in terms of 1st-person videos are depicted in table 4-7. 

 
Table 4-7: Level-2 actions of the head and body.  The label of the action is given in the left column. A 
brief description of each label is given in the right column. 

Label Description 

stand the camera remains in a fixed position in space but can undergo slight 

rotational movements   

turn the camera is significantly rotated the left or right, often from a 

standing position, mostly to initiate walking 

walk-forward-

unspecified 

the camera moves forward in space with no clear target 

carry the camera moves from the position of an item pick action to the 

position of placing the item 

return the camera moves from the item placement position back to a position 

where a novel item will be picked 

 

As evident from the small number of head and body actions, only ones that resulted in 

clearly noticeable camera movement could be taken into consideration for video 

annotation. Furthermore, a distinction between head and body was not possible.  

 

Level-1 and 2 categories were annotated for all ten videos, however not all categories 

were seen in all instances, e.g., opening actions were only possible in the RoboLab 

environment with its doors and drawers. 
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4-6 EXPERIMENTAL DESIGN 

Figure 4-14 illustrates the experimental design of the EASE-fMRI study. It consisted of 

two sequences of stimuli (subplots A & B), comprised of trials built from the previously 

chosen videos recorded in EASE-Base and the RoboLab, as well as events of low-level 

visual stimulation acting as a baseline for brain activity. 

 

 
Figure 4-14: Experimental design of the main fMRI-study.  The two trial sequences A & B of the study 
are depicted in both center rows from ranging from left to right. The temporal structure of a video trial 
is given in the top row. The temporal structure of a trial with fixation dot is given in the bottom row. 
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Each sequence lasted about 20 minutes with a five-minute break in-between for internal 

data processing by the MRI-System. Both started with a baseline-trial followed by six 

video-trials which were thematically clustered into three groups of two in accordance 

with the different environments and tasks, with group one encompassing the videos for 

the formal dinner for two persons in EASE-Base (BASE_v1d & BASE_v1f), group two 

encompassing the breakfast with cornflakes for two persons in RoboLab (ROBO_v1d & 

ROBO_v1f), and group three encompassing the informal dinner for four persons in 

EASE-Base (BASE_v2d & BASE_v2f). 

Afterwards, another baseline-trial was presented, followed by the last four video trials, 

consisting of two groups of two videos, with the first group encompassing the breakfast 

with bread for two persons in RoboLab (ROBO_v2d & ROBO_v2f) and the last group 

encompassing the breakfast for four persons in EASE-Base (BASE_v3d & BASE_v3f). 

Sequences A and B had the same groups of videos, with the distinction that for each 

environment and task, sequence A first showed the setting of dishes and cutlery followed 

by the presentation of setting the food and drink items, while sequence B showed the 

setting of food and drink items first, followed by the presentation of dishes and cutlery. 

Half of the study’s participants were shown sequence A first and sequence B second, the 

other half of were shown B first and sequence A afterwards. 

Video trials and baseline trials followed of a formal sequence of stimuli: 

A video trial always started with the presentation of a white fixation dot on black 

background, which was shown for seven seconds. After this, an information screen was 

presented that gave a rough description about the following video and lasted for seven 

seconds. The information screen always consisted of two short blocks of text, with the 

first block informing about the following table-setting task in regard to environment 

(EASE-BASE or RoboLab), scenario (breakfast or dinner), and number of persons to set 

the table for (two or four). The second block of text added information about the video 

type (dishes & cutlery or food & drink items).  

Thereafter, a fixation dot with a variable duration of 5-8.6 seconds was presented. Its 

timing characteristic was the sum of a coded duration of 5-7.5 seconds plus a wait time 

of up to 1.1 seconds (TR = 1.1 s) for the next scanner pulse sent at the beginning of a 

volume acquisition. This timing variation counteracted possible contamination of early 

brain imaging data from the video presentation, caused by participants’ expectation 
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concerning the starting point of the video and made sure that videos over all trials and all 

participants started with a relative consistent timing regarding the acquired brain volumes. 

Similar to the Proof of Concept study, videos were then played for their respective 

durations in a rectangle over a black background.  

Baseline trials had similar sequence characteristics as video trials. They started with 

presentation of a white fixation dot with a fixed duration of seven seconds. After that, a 

message was shown for another seven seconds that informed the participant to calmly 

look at the following white fixation dot during the duration of its presentation. 

Subsequently, a dot was shown again while the software waited for the scanner to send 

its next trigger signal which was then immediately followed by a continuous showing of 

the fixation dot for another 120 seconds. 

4-7 DATA ACQUISITION  

4-7-1 PARTICIPANTS 

Participants were 30 students (21♀), mainly recruited from the psychology department of 

the University of Bremen. All were right-handed, healthy by own accord, and naïve to 

the experiment. The participants’ mean age was 23.3 years with a standard deviation of 

4.54 years.  

4-7-2 FMRI DATA ACQUISITION 

Upon arrival, every participant was informed about MRI-safety and the general setup of 

the experiment before giving written consent of participation. Respective information- 

and survey sheets can be found in appendix a.  

Before entering the MRI-Scanner, participants were seated in front of a laptop and 

presented with a tutorial which contained two brief 1st -person table setting videos, one 

from the EASE-Base and one from the RoboLab, which were similar to the ones shown 

in the experiment, as well as a brief presentation of the fixation dot, in order familiarize 

them with all expected stimuli. 

During this step, it was made sure that the participants understood the need for an active 

identification with the protagonist of the videos. They were also informed that the 
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presentation of the fixation dot was an indication for them to look at it in a relaxed manner 

while letting their thoughts wander. When participants indicated that they felt well 

prepared, they were situated in the scanner, and the same tutorial was shown a second 

time. 

After this, a localizer sequence was run which was followed by the experiment during 

which functional whole-brain scans were acquired with a T2* weighted multiband EPI 

sequence developed by Peter Erhard in cooperation with Daniel Christopher Hoinkiss 

from the Fraunhofer MEVIS with three simultaneously obtained slices, a TR of 1.1 s, a 

TE of 30 ms, and a matrix size of 64x64x45 voxels with a voxel size of 3x3x3 mm. 

After completion of the functional scans, a structural, T1-weighted whole-brain scan was 

conducted with a matrix size of 256x256x208 voxels and voxel size of 1x1x1 mm, after 

which the participants were taken out of the scanner. 

During all times at which no active participation if the participants were needed while 

they were situated in the scanner (e.g.: localizer, structural scan, break between sequences 

of stimuli), a relaxing nature video was presented. During these phases, the participants 

could either watch the video or close their eyes. 

4-7-2-1 ADDITIONAL TESTS & QUESTIONNAIRES 

After completion of data acquisition, participants were given a d2-test for attentiveness 

and resilience as well as a multiple-choice vocabulary intelligence test (MWT-B). 

Furthermore, a catalogue of questions concerning participants’ prior experiences with 

everyday activities in a table setting context and their general perception of the 

experimental design was handed out in form of a Likert scale questionnaire and a “fill in” 

timetable. Respective questionnaires can be found in appendix b.  

4-8 DATA PRE-PROCESSING – DEVIATIONS FROM POC 

4-8-1 PREPROCESSING OF FMRI-DATA 

The preprocessing of fMRI-data followed the pipeline established in the Proof of Concept 

study, which can be found in chapter 4-3-5-1 . A change in parameters was only necessary 

in the slice-timing step, due to the differences in the EPI-acquisition-sequence, as well as 

the employed normalization sequence. 



Materials and Methods 

81 
 

4-8-1-1-1 SLICE-TIMING 

The 45 slices of each functional file from the reorientation step were slice-timed with:  

TR = 1.1 s, TA = 0 s, slice order [in msec] = 0, 586.67, 73.33, 660, 146.67, 733.33, 220, 

806.67, 293.33, 880, 366.67, 953.33, 440, 1026.67, 513.33, 0, 586.67, 73.33, 660, 146.67, 

733.33, 220, 806.67, 293.33, 880, 366.67, 953.33, 440, 1026.67, 513.33, 0, 586.67, 73.33, 

660, 146.67, 733.33, 220, 806.67, 293.33, 880, 366.67, 953.33, 440, 1026.67, 513.33 and 

reference slice = 0. 

4-8-1-1-2 NORMALIZATION 

Due to increased artifacts in the lateral, extracranial parts of the scan volumes caused by 

the multiband EPI sequence, the standard normalization routine via resulting forward-

deformation fields from segmentation led to compressed brain volumes. After lengthy 

testing, it was found that the SPM’s legacy normalization algorithm was not significantly 

affected by these artifacts. The segmentation step was thus skipped for the full fMRI-

study and the legacy normalization algorithm was run for the functional files with an EPI 

template image, source image (copy) smoothing = 8 mm, affine regularization = ICBM 

space template, nonlinear frequency cutoff = 25, nonlinear iterations = 16 and a nonlinear 

regularization = 1. For writing the normalized images, voxels sizes were kept at 3 mm 

with a 7th-degree b-spline interpolation.  

While use of this older algorithm is not recommended anymore, a manual visual check of 

all normalized brains confirmed a good fit of brain regions with the standard-space 

template. 
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4-8-2 PROCESSING OF LOG FILES 

The processing of log files was again done with custom MATLAB scripts. Similar to the 

Proof of Concept study, Presentation log files were imported which included detailed 

information about the timing of the experiment runs in terms of start- and end points the 

video- and baseline trials and the respective timings of the scanner pulses.  

Furthermore, the ELAN annotation-partitures were exported into comma separated ascii 

files and read into the MATLAB scripts. These provided the information about the 

annotation of each video in regard to semantic event categories. Since these annotations 

were divided between left- and right-hand motions and actions, a first processing step 

calculated the occurrence of events on an ‘either/or’ level in respect to performing hand, 

leading to an additional, more generalized timeline. For a more complex view on possible 

correlations between presented categories of actions and brain activity, events were 

further combined into larger meta-categories. By doing so, later ICA analyses could 

determine whether brain areas were receptible to particular event categories or would 

rather act on a more generalized level. Starting with level-1 motions of the arm and hand, 

as listed in table 4-8, combinations were made in an ascending extent of generality. 

Beginning with the combination of the sub-categories of ‘hold’ and ‘free’ into the general 

categories of e.g., reach and retract, they were further summarized into ever broader 

categories, leading to the highest order that included all level-1 motions. Combinations 

were calculated for both hands separately as well as generalized over both hands e.g., 

resulting in a right-hand: grasp-all, left-hand: grasp-all, and right-or-left-hand: grasp-all. 
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Table 4-8: Examples of combinations of level-1 motions of the arm and hand for further 
differentiation of brain activity.  The label of the newly generated meta-category is given in the left 
column. The constituting semantic categories are given in the right column. 

Label Combination 

reach-all reach-free + reach-hold 

reach-retract-all   reach-free + reach-hold + retract-free + retract-hold 

retract-all retract-free + retract-hold 

push-pull-all push + pull 

grasp-all grasp-free + grasp-hold 

release-all release-free + release-hold 

rest-suspend-

surface-all 

rest-suspend-free + rest-suspend-hold + rest-surface-free + rest-

surface-hold 

all-L1-no-rest all level-1 motions, excluding hand in resting position 

all-L1 all level-1 motions 

 

Combinations of level-2 semantic categories, listed in table 4-9, were also made in an 

ascending extent of generality with their most broad category spanning all level-2 actions 

of the arm and hand. As was the case with level-1 tiers, level-2 actions were combined 

for each hand as well as in an either/or fashion in respect the handedness. 

 
Table 4-9: Combinations of level-2 actions of the arm & hand plus hand & body for further 
differentiation of brain activity.  The label of the newly generated meta-category is given in the left 
column. The constituting semnatic categories of events are given in the right column. 

Label Combination 

pick-place pick + place 

open-close open + close 

all-L2 all level-2 actions 

walk-forward-all walk-forward-unspecified + carry + return 

 

With trial data from Presentation log files and event/category data from ELAN annotation 

logs as well as newly combined meta-categories, timelines were created for each 

participant to be later used as condition files for GLM and ICA analyses. 

Two different kinds of timelines were built in this fashion: (1) Whole sequence files that 

consisted of timing information including subsequent baseline- and video trials and their 
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constituting events, reflecting the complete experimental design (see figure 4-14). These 

were built for later use as condition files for GLM analysis and included only level-2 

actions that were generalized over both hands. To be included, they further had to be part 

of all 10 videos. The level restriction minimized temporal overlap between conditions 

that would be detrimental for the GLM-analysis but still allowed for perceptually and 

motorically quite different event categories with a high level of complexity. Level-2 

action categories chosen were pick, place, switch, carry and return. 

(2) Single trial timelines which only spanned the events of a single video trial were later 

used for independent component analyses. Here, all event levels and combinations could 

be integrated, since condition files would be correlated with resulting components after 

ICA components were calculated. To simplify later ICA correlation analyses, only one 

common condition file was used for all participants for each video. Since start of video 

presentations were temporally tightly locked to the scanner pulses, this only resulted in 

very marginal inter-subject jitter of fMRI-data timing and video annotations. For the 

GLM-analysis, separate conditions files were created for all participants. 

As with the Proof of Concept Study, timing information from Presentation logs was 

further used to cut copies of the preprocessed functional MRI datafiles into smaller 

blocks, temporally corresponding to the video trials. This resulted in 20 files (ten videos, 

with two runs each) for each participant. 

4-9 STATISTICAL FMRI-DATA ANALYSIS 

The general concept for the group-level GLM- and ICA-analyses was adopted from the 

Proof of Concept study with certain changes in the analysis pipeline introduced due to the 

added complexity in the experimental design. GLM analyses were again used for an exact 

assessment of the spatial characteristics of brain activation within a subset of previously 

defined event categories. ICA analyses expanded upon this with a broader look on spatial 

characteristics based on a more generalized correlation of neuronal activity with a larger 

set of event categories and was further used for assessing subsets of these categories that 

showed the highest temporal correlation. 

An exemplary, semi-automated event recognition was again based on ICA component 

waveforms of a component with high temporal correlation to presented object interaction 

stimuli. 
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4-9-1 GENERAL LINEAR MODEL 

Similar to the analyses for the Proof of Concept study, the GLM analyses started with 1st-

level, single subject analyses whose resulting contrasts were later merged into a 2nd-level 

group statistic. However, for this lager study that incorporated more study parameters, 

the group analysis was based on a full factorial design. 

4-9-1-1 SINGLE-SUBJECT ANALYSES 

The 1st-level, single subject analyses were conducted via SPM with the following 

specifications: interscan interval = 1.1, microtime resolution = 15, microtime onset = 8. 

The preprocessed EPI scans with an 8mm smoothing kernel were used in conjunction 

with the created condition-files. Additional multiple regressors were imported from the 

resulting motion parameter files of the realignment step of the preprocessing pipeline. 

EPI data were filtered with a high-pass filter of 128 Hz. The factorial design had no model 

derivatives, global normalization = none, masking threshold = 0.8 and serial correlations 

= autoregressive AR(1) model. After model estimation, contrasts for the 1st-level analyses 

were calculated based on the five chosen action-level events against fixation dot:  

- BASE pick-b > fixation dot, ROBO pick-b > fixation dot 

- BASE place-b > fixation dot, ROBO place-b > fixation dot 

- BASE switch-b > fixation dot, ROBO switch-b > fixation dot 

- BASE carry > fixation dot, ROBO carry > fixation dot 

- BASE return > fixation dot, ROBO return > fixation dot 

4-9-1-2 GROUP ANALYSIS 

For the 2nd-level group analysis, a full factorial design was chosen based on the resulting 

contrast files from the 1st-level, single subject analysis in order to enable group-level 

comparison between event categories and laboratories. As depicted in table 4-10, two 

factors were chosen for the design. The two-leveled factor 1 covered the environment in 

which an event category was shown and distinguished between EASE-BASE and the 

RoboLab. The five-leveled factor 2 covered the event categories, distinguishing between 

pick, place, switch, carry and return.  
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Table 4-10: Factorial design matrix for the 2nd-level GLM group analysis.  The two factors of the 
factorial design are listed as rows and columns. The environment factor consisted of two levels for EASE-
BASE and RoboLab. The event category factor of the five levels for the analyzed event categories based 
on the respective contrasts against fixation dot. 

  factor 1: environment 

  level 1 level 2 

fa
ct

or
 2

: e
ve

nt
 c

at
. level 1 BASE pick-b > fixation dot ROBO pick-b > fixation dot 

level 2 BASE place-b > fixation dot ROBO place-b > fixation dot 

level 3 BASE switch-b > fixation dot ROBO switch-b > fixation dot 

level 4 BASE carry > fixation dot ROBO carry > fixation dot 

level 5 BASE return > fixation dot ROBO return > fixation dot 

 

For both factors, parameters were chosen as independence = no, variance = unequal, 

grand mean scaling = no. ANCOVA = no. No further covariates were used, and masking 

was performed via an implicit mask. 

The resulting statistical maps were subsequently used in conjunction analyses. The first 

stage of these analyses combined activation maps from all event categories and all 

laboratories to access the brain area that was shared between all categories. The second 

stage combined activation maps of each event category for both laboratories to assess the 

areas common and unique for each category. Further calculations based on these 

conjunctions subdivided areas of activation common to all categories, supplementary 

areas common and unique to both laboratories within an event category and unique areas 

to each event category within all five supplementary areas common to both laboratories. 

Statistical maps were thresholded at p ≤ 0.001 uncorrected, with cluster size ≥ 10 voxels 

and then visualized via xjView and saved for later analyses.  

Whole contrast maps for each category and laboratory were further analyzed trough 

exploratory automated K-means clustering via MATLAB (see: Steinley, 2006) using the 

integrated K-means function with 1000 max iterations and 1000 replicates, for k = 2 to 9 

clusters, to explore the validity of automated methods to cluster these event-dependent 

activation maps based on their spatial characteristics. 
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4-9-2 INDEPENDENT COMPONENT ANALYSIS 

Similar to the Proof of Concept study, the group-ICA was conducted over all participants 

using an ICASSO stability analysis with 20 runs to determine and assure the reliability of 

the component estimates (Rachakonda et al., 2010). Main parameters were again kept at 

their standard values with main ones as: back reconstruction type = GICA, data 

preprocessing = intensity normalization, automatic estimation of components, infomax 

algorithm and no scaling of results. For each participant, all 20 video trials in form of the 

previously cut copies of preprocessed fMRI datafiles were used in the calculation of 

components. The number of components was subsequently automatically estimated, 

resulting in 15 components common to all participants and trials.  

As for the Proof of Concept study, the resulting components each consisted of a mean z-

scored spatial activation map for all participants and participant-specific maps. This also 

applied for the component waveforms. Mean spatial component maps were again 

thresholded at z ≥ 3.3 then visualized via xjView with a minimum cluster size of ≥ 10 

voxels. Maps had to be saved without cluster size threshold. 

4-9-2-1 TEMPORAL CORRELATION WITH EVENT CATEGORIES & 

DETERMINATION OF TASK-RELEVANT COMPONENTS 

The components’ participant-specific waveforms for each trial were again correlated to 

the hrf-convolved stimulus timings of the annotated events via Spearman rank correlation. 

To compensate for inherent lag of the hemodynamic response function, the first six 

seconds of each waveform were excluded from the calculation of correlation, since the 

initial low signal strength in all waveforms would otherwise disproportionally strengthen 

the correlation coefficient in shorter waveforms derived from shorter video trials. In 

extension to the Proof of Concept study, this was done for all event categories on all 

annotation levels, which resulted in correlation matrices for each video that included the 

Spearman rank correlation coefficients for the correlations of presented categories within 

the respective video presentation with the participants waveforms of all 60 trials of that 

video (30 participants with 2 presentations each). Since ten different videos were shown, 

each component was associated with ten of these correlation matrices. To be included, 
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correlation coefficients had to pass a statistical threshold of p ≤ 0.001. Each component 

was evaluated in regard to its task-relevancy by  

A) Summation of quantities of all significant positive- as well as negative correlations 

for all categories of each video and subsequent subtraction of the sum of negative 

from the sum of positive correlations. Numbers for each video were then summed 

up over all videos.  

B) Summation of quantities of significant positive- and negative correlations 

separately for each event category within each video and subtraction of the sum 

of negative from the sum of positive correlations for each category. For each 

video, the number corresponding to the category with the highest positive delta 

was taken and summed with respective deltas from the other videos. 

This way, components were chosen that not only had high numbers of positive or negative 

correlations overall, but which showed a certain dominance in either positive or negative 

correlations, either over all categories or in form of their highest-valued category per 

video. 

Results from both calculations were put in ascending order, and task relevant components 

were determined via the calculation of changepoints (n=2) within this ascending order, to 

detect abrupt jumps in the ascending values (see: Killick et al., 2012). 

The temporal characteristics of task relevant components were subsequently determined 

in a comparable way as in B). However, the final summation was not done over categories 

with the highest positive delta (no matter the category) of each video, but over same 

categories, resulting in a listing of deltas for all categories within the ten videos. 

Categories with positive deltas were put in ascending order, with changepoint calculation 

used for visual guidance. 

4-9-2-2 SEMI-AUTOMATED EVENT RECOGNITION 

Similar to the Proof of Concept study, a subject-specific component waveform with high 

task relevancy was used with an exemplary peak detection script for the generation of 

novel event episodes. Due to time-constrains, the underlying techniques were kept the 

same as in the Proof of Concept study, which previously showed promising results.  
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4-9-3 PROCESSING OF GLM & ICA VOXEL DENSITY 

As was the case for the Proof of Concept study, saved thresholded activation maps of 

GLM- and ICA analyses were loaded into custom MATLAB-scripts for voxel density 

analysis, based on alignment with the human brainnetome atlas. Voxel density lists 

without cluster size threshold of ≥ 10 voxels were calculated for areas of activation 

common to all categories, supplementary areas common and unique to laboratories within 

an event category as well as areas unique to each event category within the five 

supplementary areas common to both laboratories. Density lists were saved and 

visualized via custom MATLAB scripts. In addition to areas covered in the Proof of 

Concept study, smaller sub-regions, often describing underlying Brodmann areas (BA), 

were included and listed in respect to total number of active voxels and the relative 

number in relation to the total number of voxels within a region. Furthermore, an index 

of lateralization was added to the lists by division of relative numbers for left and right 

hemispheres by the sum of both numbers and subsequent subtraction of the resulting 

number for the left- from right hemisphere, resulting in a single relative lateralization 

number, ranging from -1 (only left activation) to +1 (only right activation). 
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 RESULTS 

5-1 EVENT STATISTICS 

Due to the substantial number of annotated event categories, only the action-level events 

used for the GLM-analysis will be covered here. A complete listing of all event categories 

can be found in appendix e-1. 

The number of occurrences per sequence of ten videos of the event categories for the 

GLM-study is listed in table 5-1. Categories were generalized over both hands, so an 

occurrence was counted whether the action was performed with the left or the right hand.  

 
Table 5-1: Numbers of occurrences of events per sequence, analyzed via GLM and generalized over 
both hands. The event categories are listed in the columns of the table, with a subdivision between the 
laboratories of EASE-BASE and RoboLab given in the first two rows. A summation of both labs is given 
in the bottom row. 

 
pick-b place-b switch-b carry-b return-b 

BASE 36 52 45 17 11 

ROBO 19 25 15 17 12 

total 55 77 60 34 23 

 

In general, carry and return events were rarer than events of object interaction, since they 

constituted a subdivision of the protagonist’s walking to and from object interaction 

phases that usually included more than one single event of interaction. Apparent 

inconsistencies between the number of pick and place events can be explained by the 

generalization between both hands.  

Between labs, the absolute number of object interactions were lower in the RoboLab, 

since only four out of ten videos took place in this laboratory. However, the numbers of 

carry and return events were comparable, indicating either a higher number of object 

interactions per interaction phase at either source- or target table in the EASE-BASE or a 

larger overlap between both hands’ actions in the RoboLab. 

The category durations of all action categories analyzed through GLM are depicted in 

figure 5-1.  



Results 

91 
 

For action-level events in EASE-BASE, as depicted in figure 5-1 A, return events had the 

longest median duration of t̃ � 2.13 s. Carrying events had the second longest median 

duration with t �� 2.07 s, followed by events of events of place with t � � 1.78 s, pick with 

t̃ � 1.62 s and switch with t̃ � 0.90 s. For action-level events in the RoboLab, as depicted 

in figure 5-1 B, carry events had the longest median duration with t �� 1.97 s. Events of 

the place category had the second longest median duration with t �� 1.90 s, followed by 

return with t �� 1.73 s, pick with t̃ � 1.57 s and switch with t̃ � 1.23 s 

 

 
Figure 5-1: Boxplots for the durations of events belonging to annotated sematic categories of level-
2. Figure A shows the distribution of durations for the level-2 categories found in videos recorded in 
EASE-BASE. Figure B shows the distribution of durations for the level-2 categories found in videos 
recorded in the RoboLab. Respective categories are plotted on the abscissa, duration in seconds on the 
ordinate. The Horizontal red line of each boxplot represents the median, the y-extend of the box 
represents the interquartile range, containing 50% of data. The whisker length covers the top and bottom 
25% of data, excluding outliers. These are marked by a red “x”.   
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The proportionally lengthy duration of pick and place events in comparison to events of 

carry and return could be explained by the generalization over both hands. For example, 

if both hands subsequently placed objects with even minor temporal overlap, this was 

counted as a single episode of a generalized place event for the condition file of the 

General Linear Model. In cases of switch, this was far less pronounced, since switch 

events were more isolated events, so a generalization over both hands did not result in 

long, uninterrupted sequences. For the actual mean durations in respect to each hand, see 

the full list of event categories and their respective quantities and durations in appendix 

e-1. 

5-2 2GENERAL LINEAR MODEL 

Hand & arm action-level type categories for the GLM were analyzed in their generalized 

form in respect to left and right hand and consisted of pick-b, place-b, and switch-b 

events. For sake of simplicity, the were designated without suffix ‘-b’ for the 

documentation of results. All activation maps were calculated from the respective 

contrasts with episodes of fixation dot presentation and overlayed over axial brain slices. 

Results were further documented in form of graphs representing the voxel density 

analyses for the areas stemming from the conjunction of all event categories as well as 

the supplementary areas from the inter-lab conjunctions of a specific event category. The 

lists forming the basis for these graphs can be found in appendix e-2-2-1. Supplementary 

areas for each laboratory within each category were only visualized as part of montages 

on axial slices. Graphs of their voxel density analysis and their corresponding lists can be 

found in appendix e-2-1 and appendix e-2-2-2 but will not be discussed within the scope 

of this thesis. 

For the textual description of the voxel density properties, a relative activation size 

threshold of 0.25, or 25% of the whole anatomical region, was chosen to prevent the text 

from being too cluttered. As with the textual report of the Proof of Concept study, the 

relative size of activation within areas was given in brackets after the listing of the area. 

In addition to the detailed description of each specific activation pattern in terms of voxel 

density, montages of supplementary inter-lab conjunctions were made for whole- as well 

as unique areas of each event category. These served for an overview of differences 
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between event categories and were only accompanied by a brief textual description. At 

last, an added visualization of lateralization characteristics was given for all conjunctions. 

5-2-1 CONJUNCTION: ALL CATEGORIES, ALL LABS 

The spatial characteristics of the conjunction between all categories (BASE pick, ROBO 

pick, BASE place, ROBO place, BASE switch, ROBO switch, BASE carry, ROBO carry, 

BASE return and ROBO return) are shown in figure 5-2, via an overlay over normalized 

axial brain slices. The voxel density analysis for this activation map is illustrated in figure 

5-3, with a general overview given figure 5-3 A. 

 

 
Figure 5-2: Activation map for the conjunction of contrasts of all investigated action-level event 
categories > fixation dot at p ≤ 0.001 uncorrected and a cluster size of ≥ 10 voxels.  Areas from the 
conjunction of all event categories and environments are depicted in colors corresponding to their t-
scores. The map was superimposed over axial slices of the mean of all 30 participants’ normalized 
structural scans. 

The frontal lobe had relative activation sizes of 0.06 left and 0.01 right. None of the larger 

regions reached a relative activation size of ≥ 0.25. Of the sub-regions, as shown in figure 

5-3 B, the left dorsolateral Brodmann area (BA) 6 (0.54) of the superior frontal gyrus, the 

left ventrolateral BA 6 (0.48) of the middle frontal gyrus, the left dorsal BA 44 (0.46) of 
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the inferior frontal gyrus, the left caudal dorsolateral BA 6 (0.32) and left caudal 

ventrolateral BA 6 (0.26) of the precentral gyrus reached this threshold. 

The temporal lobe had relative activation sizes of 0.13 left and 0.08 right, with the left 

and right fusiform gyrus (0.47 │0.37) passing the size threshold. Of the sub-regions, as 

depicted in figure 5-3 C, the left and right extreme lateroventral BA 37 (0.79│0.28) of 

the inferior temporal gyrus, left and right medioventral BA 37 (0.63│0.52) and left and 

right lateroventral BA 37 (0.78│0.65) of the fusiform gyrus reached the threshold of 0.25. 

The parietal lobe had relative activation sizes of 0.22 left and 0.13 right, with the left and 

right superior parietal lobule (0.77 │0.48) passing the size threshold. Of the sub-regions, 

as depicted in figure 5-3 D, the left and right rostral BA 7 (0.92│0.65), left and right 

caudal BA 7 (0.87│0.89), left lateral BA 5 (0.68), left postcentral BA 7 (0.47) and left 

and right intraparietal BA 7 (0.97│0.61) of the superior parietal lobule, the left caudal 

BA 39 (0.53), left and right rostrodorsal BA 39 (0.28│0.32) of the inferior parietal lobule 

and the left and right medial BA 7 (0.44│0.45), left and right medial BA 5 (0.48│0.29) 

of the precuneus reached the threshold of relative size. 

No activation was found in either the insular- or limbic lobe or any of their sub-regions. 

The occipital lobe had relative activation sizes of 0.52 left and 0.48 right, with the left 

medioventral occipital cortex (0.28) and left and right lateral occipital cortex (0.71│0.71) 

passing the size threshold. Of the sub-regions, as depicted in figure 5-3 G, the left and 

right caudal lingual gyrus (0.56│0.51) and left and right caudal cuneus gyrus (0.66│0.43) 

of the medioventral occipital cortex, the left and right middle occipital gyrus (0.82│0.80), 

left and right area V5/MT+ (0.56│0.27), left and right occipital polar cortex (0.69│0.95), 

left and right inferior occipital gyrus (0.91│0.88), right medial superior occipital gyrus 

(0.34) and left and right lateral superior occipital gyrus (0.97│0.88) of the lateral occipital 

cortex reached the size threshold. 

Out of the subcortical nuclei, none reached a relative activation size of 0.25. 

Hippocampus and thalamus were the largest active regions here, with non-depicted sub-

regions passing the threshold. Respective data can be found in table 0-17 of appendix e-

2-2-1. The same applies for the cerebellum and its sub-regions. 
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Figure 5-3: Bar charts representing voxel density of the activation map for the conjunction of 
contrasts of all investigated action-level event categories > fixation dot at p ≤ 0.001 uncorrected 
and a cluster size of ≥ 10 voxels. Figure 5-3 A provides an overview over voxel density in respect to 
regions within the brain. The ratio of active voxels to total number of voxels within a region is depicted 
with bars ranging from zero to one, divided into left and right hemisphere. Region names on the left are 
color coded in respect to frontal lobe (orange), temporal lobe (dark blue) parietal lobe (green) insular 
lobe (magenta), limbic lobe (purple), occipital lobe (light blue), subcortical nuclei (brown) and 
cerebellum (black). Figures B-C specify spatial distribution within smaller sub-areas of the lobes with 
one figure for each lobe identifiable by color code and areas from figure 5-3 A, identifiable by 
corresponding numbers from 1-20. A listing of abbreviated sub-areas can be found in appendix c.  
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5-2-2 INTER-LAB CONJUNCTIONS: SUPPLEMENTARY AREAS FROM 

EVENT CATEGORIES 

5-2-2-1 PICK 

Supplemental activated areas for BASE pick and ROBO pick in addition to areas from 

the conjunction of all events are depicted in figure 5-4, overlayed over axial brain slices. 

Figure 5-4 A shows the supplemental areas from BASE pick while figure 5-4 B does so 

for ROBO pick. Figure 5-4 C further differentiates the supplemental areas by illustrating 

ones shared by both pick events and areas that are unique to each laboratory. Voxel 

densities for the shared supplemental areas between both are illustrated in figure 5-5 with 

a general overview given figure 5-5 A. 

For the category of pick, the frontal lobe had relative activation sizes of 0.1 left and 0.16 

right, with the right inferior frontal gyrus (0.45) and left and right precentral gyrus (0.26 

│0.36) passing the relative size threshold of 0.25. Of the sub-regions, as depicted in figure 

5-5 B, the left and right dorsolateral BA 6 (0.30│0.65) of the superior frontal gyrus, the 

right inferior frontal junction (0.6), left and right ventrolateral BA 6 (0.26 │0.50) of the 

middle frontal gyrus, the left and right dorsal BA 44 (0.51│0.95), right inferior frontal 

sulcus (0.73), right caudal BA 45 (0.56) and the left and right ventral BA 44 (0.40│0.52) 

of the inferior frontal gyrus, as well as the left and right caudal dorsolateral BA 6 

(0.48│0.73), left and right caudal ventrolateral BA 6 (0.62│0.91) of the precentral gyrus 

and the left lower limb region of BA 1/2/3 of the paracentral lobule reached the size 

threshold. 
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Figure 5-4: Activation maps for contrasts of the action-level pick events > fixation dot at p ≤ 0.001 
uncorrected and a cluster size of ≥ 10 voxels for EASE-BASE and RoboLab.  Figure 5-4 A and figure 
5-4 B show montages of areas from the conjunction of all event categories and environments depicted in 
green plus additions by event category BASE pick (figure 5-4 A) and ROBO pick (figure 5-4 B) depicted 
in colors corresponding to their t-scores. Figure 5-4 C specifies contributions through a montage of areas 
from the conjunction of all event categories and environments (green), supplemental areas from the 
conjunction of BASE pick and ROBO pick (yellow) and specific areas for BASE pick (red) and ROBO 
pick (cyan). Maps were superimposed over axial slices of the mean of all 30 participants’ normalized 
structural scans. 

The temporal lobe had relative activation sizes of 0.09 left and 0.13 right, with the right 

posterior superior temporal sulcus (0.54) passing size threshold. Of the sub-regions, as 

depicted in figure 5-5 C, the left and right dorsolateral BA 37 (0.45│0.61) of the middle 

temporal gyrus, the left and right ventrolateral BA 37 (0.68│0.86) of the inferior temporal 

gyrus, the left and right medioventral BA 37 (0.35│0.45) of the fusiform gyrus and the 
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left and right caudoposterior superior temporal sulcus (0.34│0.87) of the posterior 

superior temporal sulcus reached the size threshold. 

 

 
Figure 5-5: Bar charts representing voxel density of the activation map for supplemental areas from 
the conjunction of contrasts of pick (BASE & ROBO) > fixation dot at p ≤ 0.001 uncorrected and a 
cluster size of ≥ 10 voxels. Figure 5-5 A provides an overview over voxel density in respect to regions 
within the brain. The ratio of active voxels to total number of voxels within a region is depicted with 
bars ranging from zero to one, divided into left and right hemisphere. Region names on the left are color 
coded in respect to frontal lobe (orange), temporal lobe (dark blue) parietal lobe (green) insular lobe 
(magenta), limbic lobe (purple), occipital lobe (light blue), subcortical nuclei (brown) and cerebellum 
(black). Figures B-C specify spatial distribution within smaller sub-areas of the lobes with one figure for 
each lobe identifiable by color code and areas from figure 5-5 A, identifiable by corresponding numbers 
from 1-20. A listing of abbreviated sub-areas can be found in appendix c.  
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The parietal lobe had relative activation sizes of 0.26 left and 0.29 right, with the right 

superior parietal lobule (0.47), left and right inferior parietal lobule (0.26│0.31) and the 

left and right postcentral gyrus (0.48│0.3) passing size threshold. Of the sub-regions, as 

depicted in figure 5-5 D, the right rostral BA 7 (0.25), left and right lateral BA 5 (0.31│1), 

left and right postcentral BA 7 (0.47│0.84) and right intraparietal BA 7 (0.38) of the 

superior parietal lobule, the left and right caudal BA 39 (0.32│0.64), left and right 

rostrodorsal BA 40 (0.85│0.76) and left rostroventral BA 40 (0.3) of the inferior parietal 

lobule, the left and right medial BA 5 (0.31│0.31) of the precuneus and the left upper 

limb, head and face region of BA 1/2/3 (0.28), the left and right BA 2 (0.89│0.79) and 

left trunk region of BA 1/2/3 (0.55) of the postcentral gyrus reached the threshold. 

Only minor activation was found in insular lobe with relative sizes of 0.04 left and 0 right 

and limbic lobe with sizes of 0.03 left and 0 right. No Regions or sub-regions reached the 

threshold. 

The occipital lobe had relative activation sizes of 0.09 left and 0.15 right. None of the 

larger regions reached a relative activation size of ≥ 0.25. Of the sub-regions, as shown 

in figure 5-5 G, the right caudal lingual gyrus (0.31) of the medioventral occipital cortex 

and the left and right area V5/MT+ (0.43│0.70) of the lateral occipital cortex reached the 

threshold. 

Out of the subcortical nuclei, none reached a relative activation size of 0.25. The thalamus 

was the largest active region, with a non-depicted sub-region passing the threshold. 

Respective data can be found in table 0-19 of appendix e-2-2-1. The same applies for the 

cerebellum and its sub-regions. 

5-2-2-2 PLACE 

Supplemental activated areas for BASE place and ROBO place in addition to areas from 

the conjunction of all events are depicted in figure 5-6, overlayed over axial brain slices. 

Figure 5-6 A shows the supplemental areas from BASE place while figure 5-6 B does so 

for ROBO place. Figure 5-6 C further differentiates the supplemental areas by illustrating 

ones shared by both place events and areas that are unique to each laboratory. Voxel 

densities for the shared supplemental areas between both are illustrated in figure 5-7 with 

a general overview given figure 5-7 A. 
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For the category of place, the frontal lobe had relative activation sizes of 0.12 left and 

0.18 right, with the right inferior frontal gyrus (0.38), right precentral gyrus (0.31) and 

left and right paracentral lobule (0.34│0.4) passing the size threshold of 0.25. 

 

 
Figure 5-6: Activation maps for contrasts of the action-level place events > fixation dot at p ≤ 0.001 
uncorrected and a cluster size of ≥ 10 voxels for EASE-BASE and RoboLab.  Figure 5-6 A and figure 
5-6 B show montages of areas from the conjunction of all event categories and environments depicted in 
green plus additions by event category BASE place (figure 5-6 A) and ROBO place (figure 5-6 B) 
depicted in colors corresponding to their t-scores. Figure 5-6 C specifies contributions through a montage 
of areas from the conjunction of all event categories and environments (green), supplemental areas from 
the conjunction of BASE place and ROBO place (yellow) and specific areas for BASE place (red) and 
ROBO place (cyan). Maps were superimposed over axial slices of the mean of all 30 participants’ 
normalized structural scans. 
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Out of the sub-regions, as shown in figure 5-7 C, the left medial BA 8 (0.28), left and 

right dorsolateral BA 6 (0.32│0.71) of the superior frontal gyrus, the right inferior frontal 

junction (0.61), left and right ventrolateral BA 6 (0.35│0.53) of the middle frontal gyrus, 

the right dorsal BA 44 (0.91), right inferior frontal sulcus (0.39), left and right caudal BA 

45 (0.37│0.51), right rostral BA 45 (0.32) and left ventral BA 44 (0.26) of the inferior 

frontal gyrus, the left lateral BA 12/47 (0.42) of the orbital gyrus, the left and right caudal 

dorsolateral BA 6 (0.56│0.62), left trunk region of BA 4 (0.32) and right caudal 

ventrolateral BA 6 (0.68) of the precentral gyrus and the left and right lower limb region 

of BA 1/2/3 (0.62│0.73) of the paracentral lobule passed the size threshold. 

The temporal lobe had relative activation sizes of 0.13 left and 0.16 right, with the left 

and right posterior superior temporal sulcus (0.56│0.69) passing the activation threshold 

of 0.25. Out of the sub regions, as shown in figure 5-7 C, the left and right dorsolateral 

BA 37 (0.56│0.71) of the middle temporal gyrus, the left and right ventrolateral BA 37 

(0.71│0.86) of the inferior temporal gyrus, the left and right medioventral BA 37 

(0.33│0.46) of the fusiform gyrus, as well as the left and right rostroposterior superior 

temporal sulcus (0.29│0.44) and left and right caudoposterior superior temporal sulcus 

(0.83│0.98) of the posterior superior temporal sulcus passed the threshold. 

The parietal lobe had relative activation sizes of 0.33 left and 0.39 right, with the right 

superior parietal lobule (0.5), the left and right inferior parietal lobule (0.36│0.43) and 

left and right postcentral gyrus (0.52│0.38) passing the relative size threshold. Out of the 

smaller sub-regions, as shown in figure 5-7 D, the right rostral BA 7 (0.25), left and right 

lateral BA 5 (0.31│1), left and right postcentral BA 7 (0.47│0.89) and right intraparietal 

BA 7 (0.38) of the superior parietal lobule, the left and right caudal BA 39 (0.36│0.8), 

left and right rostrodorsal BA 40 (0.78│0.76), right rostroventral BA 39 (0.34) and left 

and right rostroventral BA 40 (0.64│0.43) of the inferior parietal lobule, the left and right 

medial BA 7 (0.29│0.31) and left and right medial BA 5 (0.42│0.6) of the precuneus, as 

well as the left upper limb, head and face region of BA 1/2/3 (0.31), left and right BA 2 

(0.84│0.84) and left and right trunk region of BA 1/2/3 (0.83│0.57) of the postcentral 

gyrus passed the threshold. 
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Figure 5-7: Bar charts representing voxel density of the activation map for supplemental areas from 
the conjunction of contrasts of place (BASE & ROBO) > fixation dot at p ≤ 0.001 uncorrected and 
a cluster size of ≥ 10 voxels. Figure 5-7 A provides an overview over voxel density in respect to regions 
within the brain. The ratio of active voxels to total number of voxels within a region is depicted with 
bars ranging from zero to one, divided into left and right hemisphere. Region names on the left are color 
coded in respect to frontal lobe (orange), temporal lobe (dark blue) parietal lobe (green) insular lobe 
(magenta), limbic lobe (purple), occipital lobe (light blue), subcortical nuclei (brown) and cerebellum 
(black). Figures B-C specify spatial distribution within smaller sub-areas of the lobes with one figure for 
each lobe identifiable by color code and areas from figure 5-7 A, identifiable by corresponding numbers 
from 1-20. A listing of abbreviated sub-areas can be found in appendix c.  
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The insular lobe had relative activation sizes of 0.06 left and 0.001 right. Out of the 

smaller sub-regions, as depicted in figure 5-7 E, the left ventral agranular insula (0.25) of 

the insular gyrus passed the size threshold. 

The limbic lobe had relative activation sizes of 0.05 left and 0.002 right. Out of the smaller 

sub-regions, as depicted in figure 5-7 F, the left caudal BA 23 (0.29) of the cingulate 

gyrus passed the size threshold. 

The occipital lobe had relative activation sizes of 0.17 left and 0.24 right, with the right 

medioventral occipital cortex (0.26) passing the relative size threshold. Out of the smaller 

sub-regions, as depicted in figure 5-7 G, the left and right caudal lingual gyrus 

(0.32│0.42), left and right rostral cuneus gyrus (0.31│0.35) and right rostral lingual gyrus 

(0.25) of the medioventral occipital cortex, as well as the left and right area V5/MT+ 

(0.43│0.7) and right medial superior occipital gyrus (0.31) of the lateral occipital cortex 

passed the size threshold. 

Out of the subcortical nuclei, none reached a relative activation size of 0.25. The thalamus 

and basal ganglia were the largest active regions, with non-depicted sub-regions passing 

the threshold. Respective data can be found in table 0-21 of appendix e-2-2-1. The same 

applies for the cerebellum and its sub-regions. 

5-2-2-3 SWITCH 

Supplemental activated areas for BASE switch and ROBO switch in addition to areas 

from the conjunction of all events are depicted in figure 5-8, overlayed over axial brain 

slices. Figure 5-8 A shows the supplemental areas from BASE switch while figure 5-8 B 

does so for ROBO switch. Figure 5-8 C further differentiates the supplemental areas by 

illustrating ones shared by both switch events and areas that are unique to each laboratory. 

Voxel densities for the shared supplemental areas between both are illustrated in figure 

5-9 with a general overview given figure 5-9 A. 
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Figure 5-8: Activation maps for contrasts of the action-level switch events > fixation dot at p ≤ 0.001 
uncorrected and a cluster size of ≥ 10 voxels for EASE-BASE and RoboLab.  Figure 5-8 A and figure 
5-8 B show montages of areas from the conjunction of all event categories and environments depicted in 
green plus additions by event category BASE switch (figure 5-8 A) and ROBO switch (figure 5-8 B) 
depicted in colors corresponding to their t-scores. Figure 5-8 C specifies contributions through a montage 
of areas from the conjunction of all event categories and environments (green), supplemental areas from 
the conjunction of BASE switch and ROBO switch (yellow) and specific areas for BASE switch (red) 
and ROBO switch (cyan). Maps were superimposed over axial slices of the mean of all 30 participants’ 
normalized structural scans. 

For the category of switch, the frontal lobe had relative activation sizes of 0.11 left and 

0.06 right. None of the larger regions reached a relative activation size of ≥ 0.25. Out of 

the smaller sub-regions, as depicted in figure 5-9 B, the left medial BA 8 (0.31) of the 

superior frontal gyrus, the left and right inferior frontal junction (0.51│0.35) of the middle 

frontal gyrus, the left and right dorsal BA 44 (0.45│0.81), left inferior frontal sulcus 

(0.26) and left caudal BA 45 (0.26) of the inferior frontal gyrus, the left lateral BA 12/47 
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(0.29) of the orbital gyrus, as well as the left caudal dorsolateral BA 6 (0.54) and left 

caudal ventrolateral BA 6 (0.5) of the precentral gyrus passed the size threshold. 

The temporal lobe had relative activation sizes of 0.08 left and 0.05 right, with the left 

posterior superior temporal sulcus (0.54) passing a relative activation size of ≥ 0.25.  

Out of the smaller sub-regions, as depicted in figure 5-9 C, the left ventrolateral BA 37 

(0.35) of the inferior temporal gyrus, the left and right area TH (0.29│0.33) of the 

parahippocampal gyrus as well as the right rostroposterior superior temporal sulcus (0.65) 

and left and right caudoposterior superior temporal sulcus (0.44│0.31) of the posterior 

temporal sulcus passed the threshold. 

The parietal lobe had relative activation sizes of 0.11 left and 0.1 right. None of the larger 

regions reached a relative activation size of ≥ 0.25. Out of the smaller sub-regions, as 

depicted in figure 5-9 D, the left and right lateral BA 5 (0.32│0.52), left postcentral BA 

7 (0.3) and right intraparietal BA 7 (0.29) of the superior parietal lobule, the right medial 

BA 7 (0.47) of the precuneus as well as the left BA 2 (0.48) of the postcentral gyrus 

passed the activation threshold. 

The insular lobe had relative activation sizes of 0.05 left and 0.02 right. Out of the smaller 

sub-regions, as depicted in figure 5-9 E, only the left ventral agranular insula (0.28) of 

the insular gyrus passed the size threshold. Only minor activations were found in the 

limbic lobe with sizes of 0.02 left and 0.03 right. No sub-regions passed the threshold. 

The occipital lobe had relative activation sizes of 0.28 left and 0.28 right, with the left 

and right medioventral occipital cortex (0.45│0.43) passing a relative activation size of 

≥ 0.25. Out of the smaller sub-regions, as depicted in figure 5-9 G, the left caudal lingual 

gyrus (0.4), left and right rostral cuneus gyrus (0.72│0.78), right caudal cuneus gyrus 

(0.35), left rostral lingual gyrus (0.29) and left and right ventromedial parietooccipital 

sulcus (0.54│0.60) of the medioventral occipital cortex, as well as the left and right area 

V5/MT+ (0.29│0.65) and left and right medial superior occipital gyrus (0.66│0.35) of 

the lateral occipital cortex passed the activation threshold. 
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Figure 5-9: Bar charts representing voxel density of the activation map for supplemental areas from 
the conjunction of contrasts of switch (BASE & ROBO) > fixation dot at p ≤ 0.001 uncorrected and 
a cluster size of ≥ 10 voxels. Figure 5-9 A provides an overview over voxel density in respect to regions 
within the brain. The ratio of active voxels to total number of voxels within a region is depicted with 
bars ranging from zero to one, divided into left and right hemisphere. Region names on the left are color 
coded in respect to frontal lobe (orange), temporal lobe (dark blue) parietal lobe (green) insular lobe 
(magenta), limbic lobe (purple), occipital lobe (light blue), subcortical nuclei (brown) and cerebellum 
(black). Figures B-C specify spatial distribution within smaller sub-areas of the lobes with one figure for 
each lobe identifiable by color code and areas from figure 5-9  A, identifiable by corresponding numbers 
from 1-20. A listing of abbreviated sub-areas can be found in appendix c.  
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Out of the subcortical nuclei, none reached a relative activation size of 0.25. Only minor 

activations were found in the non-depicted sub-regions with none passing the threshold. 

Respective data can be found in table 0-23 of appendix e-2-2-1. The same applies for the 

cerebellum and its sub-regions. 

5-2-2-4 CARRY 

Supplemental activated areas for BASE carry and ROBO carry in addition to areas from 

the conjunction of all events are depicted in figure 5-10, overlayed over axial brain slices. 

Figure 5-10 A shows the supplemental areas from BASE carry while figure 5-10 B does 

so for ROBO carry. Figure 5-10 C further differentiates the supplemental areas by 

illustrating ones shared by both carry events and areas that are unique to each laboratory. 

Voxel densities for the shared supplemental areas between both are illustrated in figure 

5-11 with a general overview given figure 5-11 A. 

For the category of carry, the frontal lobe had relative activation sizes of 0.05 left and 

0.04 right, with the left and right paracentral lobule (0.34│0.35) passing a relative 

activation size of ≥ 0.25. Out of the smaller sub-regions, as depicted in figure 5-11 B, the 

right ventrolateral BA 6 (0.29) of the middle frontal gyrus as well as the left and right 

lower limb region of BA 1/2/3 (0.72│0.82) of the paracentral lobule passed the activation 

threshold. 

The temporal lobe had relative activation sizes of 0.07 left and 0.08 right, with the left 

and right parahippocampal gyrus (0.31│0.37) passing the activation threshold. Out of the 

smaller sub-regions, as depicted in figure 5-11 C, the left and right medioventral BA 37 

(0.32│0.48) of the fusiform gyrus, as well as the left and right caudal BA 35/36 

(0.36│0.48), left and right area TL (0.61│0.64) and left and right area TH (0.77│0.91) 

of the parahippocampal gyrus passed the activation threshold. 

The parietal lobe had relative activation sizes of 0.17 left and 0.21 right, with the left and 

right precuneus (0.5│0.69) passing the activation threshold. Out of the smaller sub-

regions, as depicted in figure 5-11 D, the left and right caudal BA 39 (0.42│0.57) of the 

inferior parietal lobule, as well as the left and right medial BA 7 (0.46│0.55), left and 

right medial BA 5 (0.48│0.67), left and right dorsomedial parietooccipital sulcus 

(0.78│0.92) and right BA 31 (0.48) of the precuneus passed the threshold. 
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Figure 5-10: Activation maps for contrasts of the action-level carry events > fixation dot at p ≤ 
0.001 uncorrected and a cluster size of ≥ 10 voxels for EASE-BASE and RoboLab.  Figure 5-10 A and 
figure 5-10 B show montages of areas from the conjunction of all event categories and environments 
depicted in green plus additions by event category BASE carry (figure 5-10 A) and ROBO carry (Figure 
5-10 B) depicted in colors corresponding to their t-scores. Figure 5-10 C specifies contributions through 
a montage of areas from the conjunction of all event categories and environments (green), supplemental 
areas from the conjunction of BASE carry and ROBO carry (yellow) and specific areas for BASE carry 
(red) and ROBO carry (cyan). Maps were superimposed over axial slices of the mean of all 30 
participants’ normalized structural scans. 

Only minor activation was found in insular lobe with relative sizes of 0.02 left and 0 right. 

No Regions or sub-regions reached the threshold. 
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Figure 5-11: Bar charts representing voxel density of the activation map for supplemental areas 
from the conjunction of contrasts of carry (BASE & ROBO) > fixation dot at p ≤ 0.001 uncorrected 
and a cluster size of ≥ 10 voxels. Figure 5-9 A provides an overview over voxel density in respect to 
regions within the brain. The ratio of active voxels to total number of voxels within a region is depicted 
with bars ranging from zero to one, divided into left and right hemisphere. Region names on the left are 
color coded in respect to frontal lobe (orange), temporal lobe (dark blue) parietal lobe (green) insular 
lobe (magenta), limbic lobe (purple), occipital lobe (light blue), subcortical nuclei (brown) and 
cerebellum (black). Figures B-C specify spatial distribution within smaller sub-areas of the lobes with 
one figure for each lobe identifiable by color code and areas from figure 5-9  A, identifiable by 
corresponding numbers from 1-20. A listing of abbreviated sub-areas can be found in appendix c. 
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The limbic lobe had relative activation sizes of 0.21 left and 0.2 right. Out of the sub-

regions, as shown in figure 5-11 F, the right dorsal BA 23 (0.25) left and right ventral BA 

23 (0.93│0.94) and left caudal BA 23 (0.46) of the cingulate gyrus passed the relative 

size threshold. 

The occipital lobe had relative activation sizes of 0.28 left and 0.38 right, with the left 

and right medioventral occipital cortex (0.49│0.71) passing the activation threshold. Out 

of the smaller sub-regions, as depicted in figure 5-11 G, the right caudal lingual gyrus 

(0.44), left and right rostral cuneus gyrus (0.7│0.86), right caudal cuneus gyrus (0.5) left 

and right rostral lingual gyrus (0.59│0.82) and left and right ventromedial parietooccipital 

sulcus (0.65│0.81) of the medioventral occipital cortex as well as the left and right medial 

superior occipital gyrus (0.39│0.41) of the lateral occipital cortex passed the activation 

threshold. 

Out of the subcortical nuclei, none reached a relative activation size of 0.25. The 

hippocampus and basal ganglia were largest active regions, with non-depicted sub-

regions passing the threshold. Respective data can be found in table 0-25 of appendix e-

2-2-1. The same applies for the cerebellum and its sub-regions. 

5-2-2-5 RETURN 

Supplemental activated areas for BASE return and ROBO return in addition to areas from 

the conjunction of all events are depicted in figure 5-12, overlayed over axial brain slices. 

Figure 5-12 A shows the supplemental areas from BASE return while figure 5-12 B does 

so for ROBO return. Figure 5-12 C further differentiates the supplemental areas by 

illustrating ones shared by both return events and areas that are unique to each laboratory. 

Voxel densities for the shared supplemental areas between both are illustrated in figure 

5-13 with a general overview given figure 5-13 A. 

For the category of return, the frontal lobe had relative activation sizes of 0.09 left and 

0.03 right, with the left and right paracentral lobule (0.47│0.47) passing a relative 

activation size of ≥ 0.25. Out of the smaller sub-regions, as depicted in figure 5-13 B, the 

left inferior frontal junction (0.31) and left ventrolateral BA 6 (0.26) of the middle frontal 

gyrus, the left caudal dorsolateral BA 6 (0.26) and left caudal ventrolateral BA 6 (0.33) 

of the precentral gyrus, as well as the left and right lower limb region of BA 1/2/3 
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(0.72│0.79) and left lower limb region of BA 4 (0.31) of the paracentral lobule passed 

the threshold. 

 

 
Figure 5-12: Activation maps for contrasts of the action-level return events > fixation dot at p ≤ 
0.001 uncorrected and a cluster size of ≥ 10 voxels for EASE-BASE and RoboLab.  Figure 5-12 A and 
figure 5-12 B show montages of areas from the conjunction of all event categories and environments 
depicted in green plus additions by event category BASE return (figure 5-12 A) and ROBO return (figure 
5-12 B) depicted in colors corresponding to their t-scores. Figure 5-12 C specifies contributions through 
a montage of areas from the conjunction of all event categories and environments (green), supplemental 
areas from the conjunction of BASE return and ROBO return (yellow) and specific areas for BASE return 
(red) and ROBO return (cyan). Maps were superimposed over axial slices of the mean of all 30 
participants’ normalized structural scans. 
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Figure 5-13: Bar charts representing voxel density of the activation map for supplemental areas 
from the conjunction of contrasts of return (BASE & ROBO) > fixation dot at p ≤ 0.001 uncorrected 
and a cluster size of ≥ 10 voxels. Figure 5-13 A provides an overview over voxel density in respect to 
regions within the brain. The ratio of active voxels to total number of voxels within a region is depicted 
with bars ranging from zero to one, divided into left and right hemisphere. Region names on the left are 
color coded in respect to frontal lobe (orange), temporal lobe (dark blue) parietal lobe (green) insular 
lobe (magenta), limbic lobe (purple), occipital lobe (light blue), subcortical nuclei (brown) and 
cerebellum (black). Figures B-C specify spatial distribution within smaller sub-areas of the lobes with 
one figure for each lobe identifiable by color code and areas from figure 5-13  A, identifiable by 
corresponding numbers from 1-20. A listing of abbreviated sub-areas can be found in appendix c.  
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The temporal lobe had relative activation sizes of 0.09 left and 0.08 right, with the right 

fusiform gyrus (0.27) as well as left and right parahippocampal gyrus (0.38│0.28) passing 

the size threshold. Out of the smaller sub-regions, as depicted in  figure 5-13 C, the left 

ventrolateral BA 37 (0.27) of the inferior temporal gyrus, the left and right medioventral 

BA 37 (0.35│0.48) of the fusiform gyrus, as well as the left caudal BA 35/36 (0.5), left 

and right area TL (0.76│0.55) and left and right area TH (0.77│0.80) of the 

parahippocampal gyrus passed the threshold. 

The parietal lobe had relative activation sizes of 0.16 left and 0.17 right, with the left and 

right precuneus (0.54│0.54) passing the threshold of relative activation size. Out of the 

smaller sub-regions, as depicted in figure 5-13 D, the left and right caudal BA 39 

(0.39│0.39) of the inferior parietal lobule, as well as the left and right medial BA 7 

(0.47│0.46), left and right medial BA 5 (0.42│0.57), left and right dorsomedial 

parietooccipital sulcus (0.90│0.78) and left and right BA 31 (0.28│0.27) of the precuneus 

passed the size threshold. 

No activation was found in the insular lobe or any of their sub-regions. 

The limbic lobe had relative activation sizes of 0.14 left and 0.09 right. Out of the sub-

regions, as shown in figure 5-13 F, the left and right ventral BA 23 and left caudal BA 23 

of the cingulate gyrus passed the threshold. 

The occipital lobe had relative activation sizes of 0.33 left and 0.34 right, passing the 

threshold for the whole lobe. The larger regions of the left and right medioventral occipital 

cortex (0.52│0.51) passed the threshold within the lobe. Out of the smaller-sub-regions, 

as depicted in figure 5-13 G, the left and right caudal lingual gyrus (0.31│0.35), left and 

right rostral cuneus gyrus (0.53│0.58), right caudal cuneus gyrus (0.42), left and right 

rostral lingual gyrus (0.61│0.46) and left and right ventromedial parietooccipital sulcus 

(0.75│0.66) of the medioventral occipital cortex as well as the left and right area V5/MT+ 

(0.36│0.5) and left and right medial superior occipital gyrus (0.5│0.43) of the lateral 

occipital cortex passed the threshold. 

Out of the subcortical nuclei, none reached a relative activation size of 0.25. The 

hippocampi were largest active regions, with non-depicted sub-regions passing the 

threshold. Respective data can be found in table 0-27 of appendix e-2-2-1. The same 

applies for the cerebellum and its sub-regions. 
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5-2-2-6 DIFFERENCES BETWEEN INTER-LAB CONJUNCTIONS 

The visual montage of all previously illustrated supplementary areas from inter-lab 

conjunctions into one composition, as illustrated in figure 5-14, gives an overview over 

their spatial allocation in regard to event categories.  

As evidenced from the colored superimpositions, supplementary activation of areas in the 

frontal lobe was largest in case of events from the object interaction categories of pick 

place and, to a smaller extend, switch. The most obvious areas were the dorsolateral, 

ventrolateral, caudal-dorsolateral, and caudal-ventrolateral BA 6 in the superior frontal-, 

middle-, and precentral gyri that were dominated by pick and place events, as well as 

large parts of the inferior frontal gyrus, especially in the dorsal and ventral BA 44, of 

which the dorsal part had almost equal activation size for the event category of switch. In 

the inferior frontal gyrus, this was complemented by the caudal BA 45 as well as the 

inferior frontal sulcus, while the inferior frontal junction contributed to object interaction 

related activity in the middle frontal gyrus. Areas with size dominance from event 

categories of carry and return were found in the paracentral lobule with a slight 

dominance of both over place events in the lower limb regions of areas 1/2/3 and of return 

over place in the lower limb regions of the left and right BA 4. 

In the temporal lobe, a similar pattern of areas with largest supplementary sizes either for 

object interaction events, mainly of categories of pick and place or for event categories 

of head & body translations was found.  

The dorsolateral- and ventrolateral parts of left and right BA 37 had the largest activation 

size contributions from pick and place events, with switch events a distant third. 

Furthermore, the rostro- and caudoposterior parts of the superior temporal sulcus were 

dominated by extensive areas from these events, with switch as a larger contributor to the 

left rostral part. Events of the switch category also dominantly activated areas in the 

anterior superior temporal sulcus. Carry and return events had their dominant 

contributions in the parahippocampal gyrus, especially in the caudal BA 35/36 as well as 

the lateral- and medial posterior parahippocampal gyrus, with the latter also showing 

smaller activation contributions from switch events. 

 



Results 

115 
 

 
Figure 5-14: Bar charts representing combined voxel densities of the activation maps for all 
supplemental areas from event-specific lab conjunctions at p ≤ 0.001 uncorrected and a cluster size 
of ≥ 10 voxels. Figure 5-14 A provides an overview over voxel densities in respect to regions within the 
brain. The ratio of active voxels to total number of voxels within a region is depicted with bars ranging 
from zero to one, divided into left and right hemisphere. Bars are colored in respect to their event 
category, as illustrated in the legend, combining all previously illustrated inter-lab conjunction into one 
composition. Region names on the left are color coded in respect to frontal lobe (orange), temporal lobe 
(dark blue) parietal lobe (green) insular lobe (magenta), limbic lobe (purple), occipital lobe (light blue), 
subcortical nuclei (brown) and cerebellum (black). Figures B-C specify spatial distribution within 
smaller sub-areas of the lobes with one figure for each lobe identifiable by color code and areas from 
figure 5-14 A, identifiable by corresponding numbers from 1-20. A listing of abbreviated sub-areas can 
be found in appendix c. 
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Supplementary, event-specific activity within the parietal lobe also followed the pattern 

of the frontal- and temporal lobe. A dominance of object interaction categories, mainly 

pick and place, was found in the lateral BA 5 and the postcentral BA 7 of the superior 

parietal lobule. The inferior parietal lobule, especially the rostrodorsal- and rostroventral 

BA 40, were almost exclusively activated by pick and place events, with larger 

contributions from carry and return only found in the caudal BA 39. This dominance was 

further found in the postcentral gyrus with large supplementary activations for pick and 

place and smaller contributions from switch in the left and right BA 2 and almost 

exclusive contributions of pick and place to the trunk region of BA 1/2/3. Supplementary 

activation from carry and return dominated in the precuneus. While the medial BA 5 and 

7 also exhibited increased activation during other events, BA 31 and the dorsomedial 

parietooccipital sulcus were clearly dominated by these event categories. 

While the insular gyrus had only minor supplementary activations from inter-lab 

conjunctions, the cingulate gyrus was dominated by event categories carry end return in 

the dorsal- ventral- and caudal BA 23, with contributions of switch in the ventral-, and 

pick & place in the caudal parts. 

Supplementary areas in the occipital lobe mainly stemmed from events of the carry and 

return categories, with switch events often coming at a third place. Within the 

medioventral occipital cortex, this was the case for the rostral- and caudal cuneus gyrus 

and the ventromedial parietooccipital sulcus. In the lateral parts of the lobe, no clear 

dominance could be found, with various categories correlating with different 

supplementary eras, especially in parts of area V5/MT+ and the medial superior occipital 

gyrus. 

In the subcortical regions, a dominance for carry and return was found in the amygdala 

and the hippocampus, while the thalamus was more largely activated by events of pick 

and place. The cerebellum had no dominance on a large scale. For a more concrete view 

on the sub-regions within subcortical structures and the cerebellum, see the voxel density 

lists in appendix e-2-2-1. 

Unique areas for each category were illustrated in figure 5-15. Small unique areas mainly 

for place were found in the superior frontal gyrus in the medial and dorsolateral BA 6 and 

BA 8, while switch events produced small unique eras in the middle frontal gyrus. 
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Figure 5-15: Bar charts representing combined voxel densities of the activation maps for all unique 
areas within supplemental areas from event-specific lab conjunctions at p ≤ 0.001 uncorrected and 
a cluster size of ≥ 10 voxels. Figure 5-15 A provides an overview over voxel densities in respect to 
regions within the brain. The ratio of active voxels to total number of voxels within a region is depicted 
with bars ranging from zero to one, divided into left and right hemisphere. Bars are colored in respect to 
their event category, as illustrated in the legend, combining all previously illustrated inter-lab 
conjunction into one composition. Contrary to figure 5-14, only unique areas for each conjunction are 
shown. Region names on the left are color coded in respect to frontal lobe (orange), temporal lobe (dark 
blue) parietal lobe (green) insular lobe (magenta), limbic lobe (purple), occipital lobe (light blue), 
subcortical nuclei (brown) and cerebellum (black). Figures B-C specify spatial distribution within 
smaller sub-areas of the lobes with one figure for each lobe identifiable by color code and areas from 
figure 5-15 A, identifiable by corresponding numbers from 1-20. A listing of abbreviated sub-areas can 
be found in appendix c.  
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The inferior frontal gyrus had the largest unique areas for pick events of both laboratories, 

especially within the inferior frontal sulcus and the ventral parts of BA 44. This was also 

the case for the precentral gyrus, in particular in the caudal ventrolateral parts of BA 6. 

Within the paracentral lobules, most unique areas of supplemental activation were found 

for return events. 

The largest unique areas within the temporal lobe were found for the events of place and 

switch in the superior- and middle temporal gyrus, with a dominance of place in BA 41/42 

and the dorsolateral BA 37 and a dominance of switch in the anterior superior temporal 

sulcus. Further unique areas for both event categories were found in the posterior superior 

temporal sulcus while events of carry and return exhibited unique areas in the 

parahippocampal gyrus.  

Within the parietal lobe, place and pick events had the largest unique supplementary areas 

in the inferior parietal lobules and the postcentral gyrus with a clear dominance of place 

events in the rostroventral BA 40 and the trunk region of BA 1/2/3. Largest unique areas 

for carry and return were found in the precuneus. 

While small unique areas for pick, place, and switch were found within the insular gyrus, 

sub-regions within the cingulate gyrus were dominated by unique areas for carry events 

in the dorsal-, ventral-, and caudal BA 23. 

In the occipital lobe, the medioventral cortices mainly exhibited unique areas of carry and 

return, except for the left caudal lingual gyrus which had unique activation areas for 

switch. This was also the case for the left medial superior occipital gyrus of the lateral 

occipital cortex. 

Of the subcortical nuclei, amygdala and hippocampus had the largest unique areas for 

carry events, while basal ganglia and parts of the thalamus had the largest unique areas 

for events of the object interaction category of place. 

5-2-3 LATERALIZATION 

Figure 5-16 provides a broad overview over the lateralization characteristics of the 

activation maps within the major brain areas. For data pertaining to the smaller areas, see 

the voxel density lists in appendix e-2-2-1. The lateralization within the conjunction of 

all categories, as depicted by the horizontal position of green markers in figure 5-16 A, 

was characterized by larger activation in the left hemisphere. This was especially 
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pronounced in the frontal-, temporal and parietal lobe as well as the subcortical nuclei 

with the largest left-leaning lateralization in the frontal lobe. However, as illustrated by 

the size of vertical bars, the relative activation size within this whole region was small. 

Activity in the insular-, limbic-, and occipital lobe as well as the cerebellum showed 

hardly any lateralization, with the largest relative activation size found in the occipital 

lobe. 

Lateralization within the supplementary areas stemming from inter-lab conjunctions is 

depicted in figure 5-16 B. The frontal lobe was more largely activated in the right 

hemisphere for the object interaction categories of pick and place. Other event categories 

led to larger relative activation in the right hemisphere but with smaller relative overall 

activation sizes. To a reduced extend this was also true for activation within the temporal 

lobe. Events of the carry category had a slight right lateralization here. Supplementary 

activation in the parietal lobe was relatively large with only a slight right lateralization of 

all categories except for switch. 

 

 
Figure 5-16: Lateralization of activation maps.  Lateralization within one of the eight major brain 
regions is indicted by marker position, ranging from activation being fully situated in the left hemisphere 
(1 L) to fully in the right hemisphere (1 R) The relative activation sizes within both hemispheres of the 
areas are indicted by vertical bars. Figure 5-16 A depicts the characteristics for the activation map 
stemming from the conjunction of all event categories in green markers, while figure 5-16 B depicts the 
characteristics for the activation maps representing the supplementary areas stemming from the inter-lab 
conjunction of pick, place, switch, carry and return by markers of respective colors, as indicated in the 
legend on the right. 
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Within the insular and limbic lobe, lateralization was more directed to the left with largest 

numbers for pick events but with only very minor activation sizes. Carry and return events 

that exhibited the largest relative activation sizes had much smaller lateralization. The 

occipital lobe showed large supplemental areas for all categories with a slight right 

leaning lateralization, except for switch and return categories. Subcortical nuclei and 

cerebellum leaned towards left lateralization with small relative activation areas. 

5-2-4 AUTOMATIC K-MEANS CLUSTERING 

The results from the automatic k-means clustering based on non-thresholded contrast files 

of all level-2 hand & arm action level categories of the GLM analysis is given in table 

5-2. Initial clustering with lowest cluster number of k=2 resulted in a division of activation 

maps into groups encompassing the pick and place events of both laboratories and a 

second group containing the navigation categories of carry and return as well as item 

switching events. Introduction the next clustering level (k=3) then separated the item 

switching of both labs into a separate group. Further levels first separated carry from 

return events, grouping BASE switch events with carry, and then separated pick from 

place events. While switch and carry events first lost grouping with within their clusters, 

groupings of pick, place, and return categories were kept the longest, in case of pick and 

place until clustering level k=8. 

 
Table 5-2: K-means clustering of non-thresholded contrast files.  The leftmost column designates the 
clustering level, reaching from k=2 to k=9. Further columns represent event categories. Numbers within 
cells designate cluster affiliation, ranging from 1 to k. Groups of ≥ 2 have for each clustering level been 
highlighted in the same color. 

 BASE 
pick 

ROBO 
pick 

BASE 
place 

ROBO 
place 

BASE 
switch 

ROBO 
switch 

BASE 
carry 

ROBO 
carry 

BASE 
return 

ROBO 
return 

k=2 2 2 2 2 1 1 1 1 1 1 
k=3 3 3 3 3 1 1 2 2 2 2 
k=4 1 1 1 1 2 4 2 2 3 3 
k=5 2 2 4 4 1 5 1 1 3 3 
k=6 5 5 2 2 1 6 3 1 4 4 
k=7 4 4 2 2 6 7 3 1 5 5 
k=8 4 4 3 3 8 1 7 2 6 5 
k=9 8 8 3 9 1 4 5 6 2 7 
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5-2-5 GLM DISCUSSION 

Starting with executive and planning-related functions in the frontal lobe, some key 

structures exhibited activity for all presented event categories. While active voxels 

seemed relatively evenly distributed over the frontal gyri, the smaller grained atlas 

parcellation revealed the lateral BA 6, the premotor cortex, as the main site for activity 

with a high left-hemispheric dominance. 

Concerning its involvement in planning and relay of behaviorally important motor 

actions, linking objects to actions, and housing mirror neurons (at least demonstrably in 

its ventral parts), baseline activity for all event categories was deemed logical here, since 

formation of action plans would not only occur during object interaction events 

themselves but also during intermediate events of carry and return. Furthermore, items 

were still visible within the context of a larger scene or imagined to be held while 

navigating from source- to target area and vice-versa. Additionally, the left superior 

premotor area was found activated in mental navigation studies (Ino et al., 2002), 

explaining some of its baseline activity without direct object interaction. The dorsal 

premotor cortex was also proposed to be involved in proprioceptive functions (Ben-

Shabat et al., 2015) which would be recruited during all event categories. Activation 

within the present study encompassed large eras here.  

A second prominent activation cluster during all event categories was found in the left-

hemispheric BA 44, which is part of Broca’s area and was shown to be active not only 

during speech generation but also during execution and observation of movements and is 

often considered to house mirror- or mirror-like neurons. Activation within this study 

during all categories could have followed the same principles as the activated parts of the 

premotor cortex with an added layer of involvement in semantic classification of the 

perceived stimuli and/or processing of task rules of underlying action plans (Sakai & 

Passingham, 2006). Studies have further proposed a coactivation of the ventral premotor 

cortex and Broca’s area, with the premotor cortex held responsible for the mapping of 

sequential characteristics of action plans, and Broca’s area taking on the hierarchical 

classification (Fiebach & Schubotz, 2006; Koechlin & Jubault, 2006). This model would 

explain the observed activation of both areas during all event categories. 
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Concerning the left-hemispheric lateralization in the frontal cortex common for all events, 

studies often found dominant left-hemispheric activation within the prefrontal-, premotor- 

and intraparietal areas for simple one-handed actions, irrespective of the used hand. An 

action dominance was therefore argued for the left hemisphere within these areas 

(Schluter et al., 2001), at least in right handed participants. Lateralization in the prefrontal 

cortex and temporal areas could also be dependent on the level of stimulus verbalizability. 

It was found that presentation of stimuli which can be verbally encoded resulted in 

primarily left-hemispheric activation, while abstract patterns would result in right-

hemispheric activation and scene presentation would in result in symmetrical activation 

(Golby et al., 2001).  

Supplementary areas for the event specific inter-lab conjunctions were heavily dominated 

by all object interaction events and did not exhibit this left hemispheric lateralization. A 

possible explanation for the bilateral activation within the premotor cortex could be found 

in its proposed additional right-hemispheric activation for certain more complex 

coordinated interactions of both hands (van den Berg et al., 2010).  

In this study, this was only the case for the event categories of pick and place which 

exhibited large bilateral activation in previously activated and novel areas within the 

premotor cortex including unique areas for each event category. Switch events only 

activated comparatively small areas predominantly in the left hemisphere with a few 

unique areas in the middle frontal gyrus.  

While an event like switch would seem like a prime candidate for a coordinated action of 

both hands that would lead to a bilateral activation, an explanation for its absence might 

be found in the relative simplicity of this action with a transferring hand depositing the 

item in the rather passively engaged receiving hand.  

The integration of large additional areas of the premotor cortex for pick and place could 

be argued to stem from the recruitment of executive functions concerning planning and 

sequencing of needed macro-commands for a particular pick and place action, as 

perceived by the participants, with right-hemispheric activation mainly incorporated if a 

particular action needed an interaction and/or parallelization between both hands. Switch 

events only needed comparatively few additional resources for planning and 

incorporation of macro-commands due to their simple nature and perceived execution 

mainly by the actively transferring hand. Additional right-hemispheric activation for pick 
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and place events in previously left-hemispheric activation common for all events, led to 

the observed right-hemispheric activation for these two event categories when summed 

up over the whole frontal lobe. 

Activation volumes within Brodmann area 44 were, while larger and with unique areas 

for pick and place, also found bilaterally for switch. A proposed involvement of the right 

hemisphere of this area in the suppression of motor actions (Neef et al., 2016), would 

reflect the participants’ suppression of arm movements during action observation that 

would be active for all object interaction events, including switch. Larger left-

hemispheric areas for certain event categories would simply indicate heightened need for 

semantic and hierarchical classification, larger right-hemispheric activation a larger need 

for active action suppression. The minor, only left-hemispheric activation for carry and 

return would thus reflect a lack of need for further computations during these events and 

no need for action suppression. 

Next to BA 44, Brodmann area 45 was also recruited especially for object interaction 

events. Making up the other half of Broca’s area in the left hemisphere and having found 

involved in grasping movements (Rizzolatti, Fadiga, Matelli, et al., 1996), its 

involvement in the present study can be argued as similar to BA 44. 

Additional areas in the frontal lobe with large activation volumes for object interaction 

events were found in the inferior frontal junction and the adjacent inferior frontal sulcus. 

The inferior frontal junction was argued to play an important part in task switching and 

as an integrative area for information from the premotor cortices, the semantic and 

language eras, and working memory related regions (for a short review, see: Brass et al., 

2005). In this role, activation within the present study would reflect the heightened need 

for task switching and cooperation between different areas of the premotor cortex during 

episodes of tightly clocked subsequent actions, as seen during pick, place and switch 

events. 

Activity within the primary motor cortex was only minor but with the characteristic, that 

the largest clusters and unique areas for return events were found in its lower limb regions, 

while the upper limb regions were mostly activated by pick, place, and return. Further 

discussion on this would however need a more specialized study focused on this particular 

area. 
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Activity in the temporal lobe with its role as e.g., main association area of the ventral 

visual stream for object identification was primarily found in the inferior temporal- and 

the fusiform gyri for the conjunction of all event categories, with the latter regularly 

included in studies identifying the human equivalent of the mirror neuron system.  

In both of these gyri this almost exclusively encompassed BA 37, which ranges from the 

middle- to the inferior-, and fusiform gyri and is proposed to be involved in speech 

processing, semantic recognition (Garrett et al., 2000) as well as visual processing and 

object recognition. It was further hypothesized to play an integrative role in associating 

recognized objects to corresponding words and is thought to be involved in memory-

related processes, visual attention and was found to have extensive connections to the 

premotor cortex and to the precuneus (Ardila et al., 2015). While not further analyzed, it 

could be hypothesized that fusiform activation in the prior Proof of Concept study was 

also based on this area.  

An activation in this generalized area for all event categories within the present study 

could be interpreted as providing a baseline of visual attention and object recognition. 

This was subsequently increased mainly for pick and place events in the middle- and 

inferior temporal gyri and for all but switch in the fusiform gyri, pointing to a functional 

distinction within subdivisions of this area which could possibly lead to a different 

weighting of information. 

As was the case for the ICA analysis of Proof of Concept study, navigation events 

encompassing carry and return led to large additional activation in the parahippocampal 

gyrus with unique areas for both event categories. Next to the parahippocampal cortex, 

activity volumes were found in BA 35 and BA 36, encompassing the perirhinal cortex. It 

was hypothesized that these areas contribute to perception of complex features, their 

conjunctions as well as their memory encoding and retrieval (Buckley, 2005). These 

functions, together with a general perception and processing of scenes and landmarks as 

well as encoding and retrieval of object positions and topographical learning would play 

a bigger role in events of navigation between the source- and target areas than for the 

more single-item focused object interaction events. 

While exhibiting a baseline activity during all event categories, additional activation in 

the hippocampus was also primarily observed during carry and return events. Baseline 

activity for all event categories was expected here in light of the key role of the 
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hippocampus in memory and internal representation of external spaces (O’Keefe & 

Dostrovsky, 1971). The increased activity for navigation events was also be expected, 

given its involvement in topographical memory- and navigation-related functions with 

hypothesized employment of cognitive maps (Nadel & MacDonald, 1980; O’Keefe & 

Nadel, 1978). 

The coactivation of the hippocampus and parahippocampal gyrus within the present study 

underpinned the participants engagement in mental navigation during navigation events. 

Complementary roles for both areas have been proposed during general memory related 

tasks (e.g., Davachi et al., 2003) as well as mental navigation in which a functional 

dissociation between spatial and contextual dimension was hypothesized for both areas 

(Rauchs et al., 2008) with spatial scene processing during navigation found to generally 

involve the parahippocampal gyrus (Burgess et al., 2002). 

Within the present study, the (posterior) superior temporal sulcus as a site of multimodal 

integration of information about objects (e.g.: Beauchamp et al., 2004) was highly active 

during object interaction events. As pointed out in paragraph 2-2-2 this was in accordance 

with findings from action observation studies in monkeys and humans that regularly 

reported this structure to be highly involved here. In similar studies, parts of the right 

posterior superior temporal sulcus were further found to be active depending to the 

environmental context of the action, leading to a hypothesized coding of action intention 

within this region (Saxe et al., 2004). Right-hemispheric activation within the present 

study was almost exclusively seen for pick and place actions which would arguably have 

more intentional weight than item switching between both hands. 

 

In the parietal lobe and its posterior parietal areas as a main association cortex for the 

dorsal visual stream and its involvement in object localization as well as perception and 

planning of object related actions, Brodmann areas 5, 7 and 39 exhibited the largest 

volume of active voxels for the conjunction of all event categories.  

BA 5 and 7 span the superior parietal lobule and the precuneus and were proposed to be 

involved in e.g., planning and executing upper limb movements (for a review, see: 

Culham et al., 2006). BA 5 was further hypothesized to play a role in supervision 

concerning execution or suppression of planned movements (Mackenzie et al., 2016).  BA 

7 is thought to play an additional part in internal spatial representation and construction 
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(Ardila et al., 2015), and it was hypothesized to be involved in the update of the internal 

representation of limb posture without visual guidance (Pellijeff et al., 2006). BA 39 in 

the inferior parietal lobule constitutes the angular gyrus. It is thought to house mirror 

neurons and was proposed as a center of multimodal integration and thus to include or 

relay a manifold of functions such as semantic processing (Binder et al., 2009), spatial 

cognition and attention (Chambers et al., 2004), as well conflict resolution and action 

suppression (Nee et al., 2007). While most of these functions are thought to be located in 

the right hemisphere, left-hemispheric activation was hypothesized for, e.g., symbol 

perception (Price & Ansari, 2011) and lateral discrimination (Hirnstein et al., 2011). 

Taken together, activation in the present study within parietal areas for all event 

categories would provide a baseline for processing of perceived actions, with the angular 

gyrus acting as a multimodal integration center that relayed information to the nearby BA 

5 and BA 7, and all three areas enacting respective visuospatial processing functions 

common for all categories such as proprioceptive updating during object interaction and 

movement within the larger scene as well as planning and suppression of planned actions. 

 

Supplementary activation from the inter-lab event conjunctions was again relatively 

clearly distinguished between object interaction events and events of navigation, with a 

dominance of pick and place in the object interaction event class. Distribution of activated 

volumes for BA 5 and BA 7 favored object interaction events in previously non-activated 

parts of the superior parietal lobule. This could be interpreted as recruitment of further 

processing power in terms of proprioceptive updates of arm and hand positions in relation 

to the perceived items as well as movement planning and suppression. 

In the precuneus, BA 5 and BA 7 only showed a slight dominance for events of pick and 

place, potentially indicating a functional distinction within these Brodmann areas in 

respect to their specificities in the precuneus and superior parietal lobule. Precuneus 

activity of BA 5 and BA 7 might have been tuned more towards larger spatial and 

temporal granularity in terms of perceived scenes and actions. 

Studies on Brodmann area 39 proposed a functional subdivision between the dorsal and 

ventral parts, with the dorsal BA 39 involved in bottom-up processes concerning fact 

retrieval, memory allocation and semantic search and the ventral BA 39 involved in top-

down processes concerning self-referential states and evaluating mental representations 
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(for a review, see: Seghier, 2013). Although highly speculative, activity in the present 

study would be in accordance with this. The dorsal BA 39 had a high baseline activity 

during all event categories, representing the more automatic bottom-up events that would 

be active during general visual perception. Supplementary areas, primarily from the 

events of pick and place, were additionally found in the ventral BA 39, representing 

conscious actions of, e.g., action evaluation. The parcellation within the employed atlas 

with further subdivision of the angular gyrus into a caudal part, pointed to supplementary 

activation for nearly all categories except for switch events within this the caudal zone. 

Further investigation would be needed here to give an idea of possible functional basis. 

 

A novel area activated dominantly by object interaction events, and a large unique area 

for events of place, was the supramarginal gyrus BA 40. It was proposed to be involved 

in, amongst others, event timing and presentation of sequential action order within the 

left hemisphere (Guidali et al., 2019) and proprioception within the right hemisphere 

(Ben-Shabat et al., 2015). Furthermore, similar to BA 5, left-hemispheric activation in 

this gyrus was proposed to be connected to the suppression of incorrect motor responses 

through an interaction with the premotor cortex (Hartwigsen et al., 2012). Activation of 

BA 40 for events of object interaction could thus be interpreted through increased need 

for sequence timing within successive object interaction movements as well as support in 

proprioception and action suppression. 

Returning to the precuneus, areas besides BA 5 and BA 7 were dominantly activated by 

navigation events, indicating a further distinction within this region. This would explain 

results from the Proof of Concept study that had larger precuneus activation in the 

exemplary event category of lift when compared to walk within its GLM analysis whereas 

ICA results had precuneus activation only in the task-relevant component that was more 

closely related to walking and surveying. Object interaction related precuneus activity in 

the GLM analysis would possibly have been situated within areas 5 and 7, while the walk 

& survey correlated ICA component had its distribution dominantly in the dorsomedial 

parieto-occipital sulcus and in BA 31. A subsequent analysis of the Proof of Concept 

study with the novel finer grained atlas parcellation would be appropriate here. 

The dorsomedial parieto-occipital sulcus within the precuneus had the most striking 

activation dominance for carry and return events continuing through the length of the 
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sulcus into the ventromedial parts in the occipital lobe. It was shown to be involved in 

mental navigation (Ino et al., 2002) and perspective changes in respect to e.g., allocentric 

representations of the environment (Sulpizio et al., 2016), supporting its large activation 

size within the present study for the two navigation events. 

Brodmann area 31, which was parcellated as part of the precuneus in the Brainnetome 

atlas, was dominantly activated by events of carry and return. It has a close spatial and 

functional relation with Brodmann area 23, which was also almost exclusively activated 

for the events of the navigation categories. Both form the posterior cingulate cortex (PCC) 

with most BA 31 regions forming the dorsal part and BA 23 primarily forming the ventral 

part. The PCC is considered a key player of the default mode network, and it was 

hypothesized that some of its neurons monitor eye position and are involved in 

calculations of spatial coordinates within visually perceived scenes (Olson et al., 1996). 

It was subsequently associated with general spatial attention and topographic orientation 

with strong connections to the hippocampus and parahippocampal areas. As part of the 

limbic system, it was further associated with general homeostatic functions as well as 

emotions and rewards. While the dorsal PCC was hypothesized to be closer associated 

with processes of spatial orientation within visually perceived scenes, the ventral PCC 

was proposed to be more closely related to self-monitoring and evaluation (for a review, 

see: Vogt et al., 2006). For the principal recruitment during carry and return events, this 

would underpin the participants’ brains engagement in relevant functions for orientation 

within larger spaces with a possible self-evaluation between the highly focused object 

interaction phases. 

A left-hemispheric lateralization for the common activation area of all event categories 

was again observed which agreed with hypotheses about dominant left-hemispheric 

action representation within prefrontal and parietal areas. Since supplemental activation 

was only slightly right-hemispheric for most events, this should still have resulted in a 

slight left-hemispheric activation for the majority of them, depending on the 

supplementary activations sizes. 

 

The occipital lobe exhibited large activation volumes common to all event categories. 

This was expected due to baseline activation of the visual system during video 

presentation, no matter the depicted action. Comparing the larger subdivision with the 
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lobe, the lateral occipital cortex was more widely activated during all event categories, 

potentially serving the global need for basic visual processing as found in area V1 in the 

occipital poles, and further visual stimuli and object characterization as found in other 

parts here. The primarily whole-scene and textural domain specific processing as found 

in parts of the medioventral occipital cortex was not needed as much for the baseline of 

all event categories. 

Supplementary activation was primarily found for the navigation categories and switch 

events, except for the motion-specific area V5/MT+ and its selective activity for directed 

motion (for a review, see: Zeki, 2015) as well as modulation through working memory 

related tasks (Galashan et al., 2014), which had the largest additional activation volumes 

for pick and place events. This could be explained by the focus of the participants’ field 

of view on particular fast moving items an accompanying increase in cognitive load while 

items were picked up and placed, in comparison to the whole-view pans with no particular 

item focus during navigation events. Results also stood in accordance with findings 

presented in paragraph 2-3 that showed area V5/MT+ activation for moving objects. 

 

Remaining supplementary activation was distributed mainly in the medioventral cortex 

for navigation and switch events with unique areas specifically for carry events. While it 

was probable that this whole-scene and landmark-related processing, often in 

coordination with the precuneus, was needed for navigating and the environment between 

the tables and obtaining an overview over the object composition of each, large activation 

areas for switch in the medioventral cortex would need another explanation, as attempted 

towards the end of this discussion. 

Activity in the primary somatosensory cortex which was mainly defined by object 

interaction events of pick and place, especially with its large activation volumes in BA 2 

that was shown to primarily lie in areas responsive to pressure, touch, and joint position 

(Choi et al., 2015), can be interpreted as participants actively focusing on sensation of 

arms and hands during these events. Heightened activity from increase in sensory 

information caused by actual movements was possible but not supported by primary 

motor cortex activity. Interestingly, the parts of the somatosensory cortex innervated by 

the lower limbs were the only areas with considerable activation volumes for the 

navigation episodes of carry and return. 
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General differences and similarities between discussed activation patterns that were found 

in the manual analysis of GLM results were mirrored by their classification by automated 

clustering through the K-Means algorithm. Here, clear groupings were found within the 

object interaction and navigation categories when only a small number of clusters were 

built. With a larger number of clusters, a reliable grouping was found for pick and place 

events as well as return events. Switch and carry events were not as identifiable as 

separate entities. For the other event categories, the laboratory in which a category was 

perceived, did seem to only play a minor role for brain activity, pointing to a 

generalizability of object- and environment-related actions over different environments. 

While this was deemed probable from the state of research on action planning, a 

confirmation within the context of fMRI-based neuroimaging studies for EASE was 

however beneficial in regard to the conception of models from neuronal correlates of 

action categories and the derivation of PEAMs for later use by the robotic agents. 

 

A possible explanation of observed patterns of brain activity during switch events might 

be found in the category’s place within the sequences of table setting actions. An item 

switch was usually performed either directly after a pick event or directly before a placing 

event by the opposite hand of the one performing the pick or place with some possible 

temporal overlap. It could thus be argued that switch events had a certain ‘in-between’ 

characteristic from a cognitive perspective. While they shared object interaction 

characteristics, especially from an executive standpoint, as observed in the frontal lobe, 

there might have been less or different need for, e.g., spatial representation or complex 

integration during these events, since the item in question was simply transferred between 

both hands.  

This could have led to less activity in the parietal lobe compared to the other object 

interaction events, as was observed. In the occipital lobe, activity during switch most 

closely resembled navigation which was more geared towards whole-scene perception. It 

could be argued that during switch events, participants also perceived the presented action 

primarily from this whole-scene perspective, without a clear focus on the switched item 

as seen during pick and place events. Why switch events often most closely resembled 

carry events of the navigation category, as evidenced by the K-Means clustering of both, 
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was not quite clear. It could be argued that carry events had a closer relation to object 

interaction for the participants due to imagined items being transported here, but this 

could not be substantiated by data at the point of writing. 

As a caveat, the unusual characteristics of switch could have been influenced by 

restrictions of fMRI. As evidenced from the annotation statistics, switch events had the 

shortest durations with a median duration of around 1 sec, which could have led to 

imprecisions concerning analyses of brain activation due to limits of temporal resolution. 

 

Finally, a general left-hemispheric lateralization was observed for areas common to all 

events, supporting the hypothesis for action related left-hemispheric dominance within 

the brain. Especially for object interaction related events, this lateralization was often 

reversed for supplementary areas. For some regions, explanations could be found, e.g., in 

form of right-hemispheric dominance in the frontal lobe for action suppression and more 

complex actions. Furthermore, neuroimaging studies with focus in the parietal lobe did 

show a general right-hemispheric dominance for attention related functions. Unilateral 

motor actions were however often found to be correlated with bilateral activation within 

the parietal lobule (for a review, see: Culham et al., 2006), while frontal lobe activation 

was found to be left-hemispheric for simple actions, regardless of acting hand, leading to 

a fuzzy overall picture concerning lateralization within fMRI-studies. No further analyses 

concerning the lateralization for object interaction events presented strictly from the left 

or right hand have been conducted, but the employed generalized event categories were 

dominated by right-hand activities, as evident from the full annotation statistics tables in 

appendix e-1. Further analyses concerning lateralization within the present study might 

prove useful, especially in light of executed actions versus action observation.
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5-3 INDEPENDENT COMPONENT ANALYSIS 

The ICA algorithm estimated 15 components of which all had high reliability (see 

appendix e-3-1 for the reliability estimation graph). Activation patterns of all 15 

components can be found in appendix e-3-2. 

5-3-1 TASK-RELEVANT COMPONENTS 

Figure 5-17 depicts an exemplary correlation matrix for the video presentation of the 

BASE_v1d video. Each component was associated with ten correlation matrices from 

which task relevant components and temporal characteristics of these task-relevant 

components were calculated. 

 

 
Figure 5-17: Illustration of an exemplary correlation matrix.  The exemplary matrix visualizes the 
significant correlation coefficients (p ≤ 0.001) of the Spearman rank correlation between hrf-convolved 
event category timings and subject- and trial-specific waveforms of an ICA component by pixels in colors 
representing the respective positive or negative coefficient values. The component category is put on the 
abscissa, with general outlines given via abbreviations with ‘L’, ‘R’, and ‘B’ standing for motions and 
actions performed with the left, right or either of each hand, and ‘s’ and ‘c’ standing for separate and 
combined event categories. Vertical dotted lines further differentiate between level-1 and level-2 
categories. The rightmost category ‘mov’ represents movement of the head & body. The trial number is 
given on the ordinate. The threshold for significance is given next to the color bar. 

The results for the determination of task relevant components are visualized in figure 5-18 

through bar charts with vertical, red-dotted line representing the calculated change points. 
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Figure 5-18: Illustration of task-relevant components through bar charts representing the 
differences of quantities of positive and negative significant (p ≤ 0.001) correlations.  Bars in figure 
5-18 A represent values from summation of quantities of all significant positive- and negative 
correlations for all categories of each video and their subsequent subtraction. Numbers for each video 
were then summed up over all videos. Bars in figure 5-18 B represent the same calculation but carried 
out specifically over categories. Summations over videos were then done only for categories with highest 
positive difference. Differences in both figures are shown in ascending order with component numbers 
on the abscissa and the numbers of positive minus negative correlations on the ordinate. Red dotted lines 
represent calculated (n=2) changepoints to show possible abrupt changes in the ascending order. 

From figure 5-18 A, visualizing the summed differences of quantities of all positive and 

negative correlations with the components’ subject-specific waveforms, three task 

relevant components were determined through change points, resulting in components 6 

and 12, which were dominated by negative significant correlations and component 3, 

which was dominated by positive correlations.  

From figure 5-18 B, visualizing the sum of each video’s category with the highest positive 

delta between quantities of significant positive and negative correlations, a cluster with 
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highest values was found that encompassed the previously found components 3 and 6 as 

well as component 1. These four components were thus decided to be further explored in 

regard to their spatial and temporal characteristics. 

5-3-2 COMPONENT CHARACTERISTICS 

Component characteristics are given in spatial and temporal form, with the spatial form 

consisting of activation maps of the respective component overlayed over normalized 

axial brain slices as well as an illustration of the voxel density analyses via bar graphs, as 

previously used for the GLM results. The voxel density tables forming the basis for this 

can be found in appendix e-3-3. Contrary to the GLM results, the relative size threshold 

of an activation within an area of 0.25, meaning 25% of the whole area volume, for the 

textual report of the voxel density analysis was lowered to 0.1 or 10%, since ICA 

component maps were of simpler patterns. This was in accordance with the textual 

description of component areas for the Proof of Concept study. The relative size of each 

reported area was again given in brackets after the listing of the respective area. 

For the temporal form, the results from the calculations of temporal characteristics were 

again visualized via bar charts, with red-dotted lines representing calculated change 

points.  

5-3-2-1 COMPONENT 1 

5-3-2-1-1 SPATIAL 

The spatial characteristics of the component map for ICA component 1 are shown in 

figure 5-19, via an overlay over normalized axial brain slices for a quick outline. The 

voxel density analysis for this activation map is illustrated in figure 5-20, with a general 

summary given figure 5-20 A.  

Activity within this component map was found in the temporal lobe, with relative 

activation sizes of 0.07 left and 0.07 right and relative activation sizes within left and 

right fusiform gyrus (0.33│0.33) passing the threshold of 0.1. Out of the sub-regions, as 

depicted in figure 5-20 C, the left and right medioventral BA 37 (0.83│0.83) and left and 

right lateroventral BA 37 (0.2│0.32) were above threshold. 
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In the parietal lobe, relative activation sizes were 0.02 in the left hemisphere. While no 

larger regions passed the relative size threshold, the sub-region of the left caudal BA 39 

(0.25) within the inferior parietal lobule, as depicted in figure 5-20 D, did pass this 

threshold. 

 

 
Figure 5-19: Activation map for ICA component 1 with a z-score of ≥ 3.3 and a cluster size of ≥ 10 
voxels. The component map is depicted in colors corresponding to its z-scores superimposed over axial 
slices of the mean of all 30 participants’ normalized structural scans. 

The occipital lobe had relative activation sizes of 0.36 left and 0.38 right, with the left 

and right medioventral occipital cortex (0.17│0.16) and left and right lateral occipital 

cortex (0.5│0.55) also passing the threshold for textual description.  
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Figure 5-20: Bar charts representing voxel density of the activation map of ICA component 1 for z-
score ≥ 3.3. Figure 5-20 A provides an overview over voxel density in respect to regions within the brain. 
The ratio of active voxels to total number of voxels within a region is depicted with bars ranging from 
zero to one, divided into left and right hemisphere. Region names on the left are color coded in respect 
to frontal lobe (orange), temporal lobe (dark blue) parietal lobe (green) insular lobe (magenta), limbic 
lobe (purple), occipital lobe (light blue), subcortical nuclei (brown) and cerebellum (black). Figures B-
C specify spatial distribution within smaller sub-areas of the lobes with one figure for each lobe 
identifiable by color code and areas from figure 5-20  A, identifiable by corresponding numbers from 1-
20. A listing of abbreviated sub-areas can be found in appendix c. 
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Out of the sub-regions, as depicted in figure 5-20 G, the left and right caudal lingual gyrus 

(0.51│0.72) and left and right caudal cuneus gyrus (0.55│0.21) of the medioventral 

occipital cortex as well as the left and right middle occipital gyrus (0.81│0.88), left and 

right area V5/MT+ (0.13│0.15), left and right occipital polar cortex (0.7│0.9), left and 

right inferior occipital gyrus (0.92│0.95) and left lateral superior occipital gyrus (0.14) 

of the lateral occipital cortex passed the relative size threshold. Other non-depicted sub-

regions above threshold level were found in the cerebellum and are listed in table 0-49 of 

appendix e-3-3. 

5-3-2-1-2 TEMPORAL 

The temporal characteristics of the component 1 in respect to correlation of its participant-

specific waveforms with presented event categories within all videos are illustrated in 

figure 5-21 in form of bar charts representing the difference of quantities of positive 

minus negative significant correlations. The ascending listing of all categories with 

positive differences, as illustrated in figure 5-21 A, showed no immediately apparent 

abrupt jumps, as corroborated by the relatively even distribution of the two calculated 

change points, illustrated by the vertical red dotted lines, with a possible deviation from 

linear increase around the second change point. 

The focused listing of the ten categories with the highest positive differences in figure 

5-21 B illustrates that the subject-specific waveforms of component 1 best correlated with 

non-combined events of object interaction categories, mainly of level-1 motion tier, with 

the two highest quantified categories being empty-handed reaching movements, either 

specifically with the right hand or generalized over both.  
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Figure 5-21: Bar charts representing the differences of quantities of positive and negative 
significant (p ≤ 0.001) correlations of each event category with the participants’ respective 
component waveforms of component 1 . Only positive differences are shown in an ascending order with 
the component categories on the abscissa and the numbers of positive minus negative correlations on the 
ordinate. Figure 5-21 A illustrates the differences for all component categories with red dotted lines 
representing calculated (n=2) changepoints to show possible abrupt changes in the ascending order. The 
bars with the ten highest values are marked in green, and further illustrated in figure 5-21 figure 5-24 B 
for better readability of categories with the highest Δ. 

  



Results 

139 
 

5-3-2-2 COMPONENT 3 

5-3-2-2-1 SPATIAL 

The spatial characteristics of the component map for ICA component 3 are shown in 

figure 5-22, via an overlay over normalized axial brain slices for a quick outline. The 

voxel density analysis for this activation map is illustrated in figure 5-23, with a general 

summary given figure 5-23 A.  

Activity within this component map was found in the frontal lobe, with relative activation 

sizes of 0.01 left and 0.01 right and none of the larger regions reaching a relative 

activation size of ≥ 0.1. Out of the smaller sub-regions, as depicted in  figure 5-23 B, the 

left and right dorsolateral BA 6 (0.23│0.18) of the superior frontal gyrus, the left 

ventrolateral BA 6 (0.13) of the middle frontal gyrus, the left caudal dorsolateral BA 6 

(0.11) of the precentral gyrus as well as the left lower limb region of BA 1/2/3 (0.11) of 

the paracentral lobule passed the size threshold. 

 

 
Figure 5-22: Activation map for ICA component 3 with a z-score of ≥ 3.3 and a cluster size of ≥ 10 
voxels. The component map is depicted in colors corresponding to its z-scores superimposed over axial 
slices of the mean of all 30 participants’ normalized structural scans. 
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The temporal lobe had relative activation sizes of 0.03 left and 0.05 right, with the right 

middle temporal gyrus (0.11) passing the size threshold. Out of the smaller sub-regions, 

as depicted in figure 5-23 C, the left and right dorsolateral BA 37 (0.23│0.18) of the 

middle temporal gyrus as well as the right extreme lateroventral BA 37 (0.11) and left 

and right ventrolateral BA 37 (0.42│0.58) of the inferior temporal gyrus passed the 

threshold. 

The parietal lobe had relative activation sizes of 0.2 left and 0.2 right, with the left and 

right superior parietal lobule (0.66│0.7), left and right precuneus (0.15│0.17) and left 

precentral gyrus also passing the threshold size of 0.1. Out of the smaller sub-regions, as 

depicted in figure 5-23 D, the left and right rostral BA 7 (0.91│0.97), left and right caudal 

BA 7 (0.7│0.79), left and right lateral BA 5 (0.42│0.68), left and right postcentral BA 7 

(0.81│0.65) and left and right intraparietal BA 7 (0.48│0.38) of the superior parietal 

lobule, the right caudal BA 39 (0.19) and left and right rostrodorsal BA 40 (0.2│0.27) of 

the inferior parietal lobule, the left and right medial BA 7 (0.4│0.6), and left and right 

medial BA 5 (0.33│0.46) of the precuneus as well as the left and right BA 2 (0.64│0.27) 

and left and right trunk region of BA 1/2/3 (0.28│0.14) of the postcentral gyrus had 

activation sizes above threshold level. 

The occipital lobe had relative activation sizes of 0.09 left and 0.11 right, with the left 

and right lateral occipital cortex (0.16│0.19) also passing the threshold size of 0.1. Out 

of the smaller sub-regions, as depicted in  figure 5-23 G, the left and right area V5/MT+ 

(0.71│0.77) and left and right lateral superior occipital gyrus (0.19│0.29) of the lateral 

occipital cortex passed the threshold size. 
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Figure 5-23: Bar charts representing voxel density of the activation map of ICA component 3 for z-
score ≥ 3.3. Figure 5-23 A provides an overview over voxel density in respect to regions within the brain. 
The ratio of active voxels to total number of voxels within a region is depicted with bars ranging from 
zero to one, divided into left and right hemisphere. Region names on the left are color coded in respect 
to frontal lobe (orange), temporal lobe (dark blue) parietal lobe (green) insular lobe (magenta), limbic 
lobe (purple), occipital lobe (light blue), subcortical nuclei (brown) and cerebellum (black). Figures B-
C specify spatial distribution within smaller sub-areas of the lobes with one figure for each lobe 
identifiable by color code and areas from figure 5-23  A, identifiable by corresponding numbers from 1-
20. A listing of abbreviated sub-areas can be found in appendix c. 

  



Results 

142 
 

5-3-2-2-2 TEMPORAL 

The temporal characteristics of the component 3 in respect to correlation of its participant-

specific waveforms with presented event categories within all videos are illustrated in 

figure 5-24 in form of bar charts representing the difference of quantities of positive 

minus negative significant correlations. 

 

 
Figure 5-24: Bar charts representing the differences of quantities of positive and negative 
significant (p ≤ 0.001) correlations of each event category with the participants’ respective 
component waveforms of component 3 . Only positive differences are shown in an ascending order with 
the component categories on the abscissa and the quantities of positive minus negative correlations on 
the ordinate. Figure 5-24 A illustrates the differences for all component categories with red dotted lines 
representing calculated (n=2) changepoints to show possible abrupt changes in the ascending order. The 
bars with the ten highest values are marked in green, and further illustrated in figure 5-24 B for better 
readability of categories with the highest Δ. 
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The ascending listing of all categories with positive differences, as illustrated in figure 

5-24 A, showed no immediately apparent abrupt jumps, as corroborated by the even 

distribution of the two calculated change points, illustrated by the vertical red dotted lines. 

The focused listing of the ten categories with the highest positive differences in figure 

5-24 B illustrates that the subject-specific waveforms of component 1 best correlated with 

the highest level of event-combinations into meta-object interaction categories, such as 

all-level-1 and all-level-2 combinations. This is supported by numbers in the movement 

category of stand, which indicated long episodes of subsequent object interaction events. 

5-3-2-3 COMPONENT 6  

5-3-2-3-1 SPATIAL 

The spatial characteristics of the component map for ICA component 6 are shown in 

figure 5-25, via an overlay over normalized axial brain slices for a quick outline. The 

voxel density analysis for this activation map is illustrated in figure 5-26, with a general 

summary given figure 5-26 A.  

Activity within this component map was found in the temporal lobe, with relative 

activation sizes of 0.01 left and 0.01 right and none of the larger regions reaching a 

relative activation size of ≥ 0.1. Out of the smaller sub-regions, as depicted in figure 5-26 

C, the right medioventral BA 37 of the fusiform gyrus as well as the left and right area 

TH of the parahippocampal gyrus passed the threshold level. 

The parietal lobe had relative activation sizes of 0.04 left and 0.05 right, with the left and 

right precuneus (0.19│0.22) and left precentral gyrus passing the threshold size of 0.1. 

Out of the smaller sub-regions, as depicted in figure 5-26 D, the right caudal BA 7 (0.1) 

of the superior parietal lobule as well as the right medial BA 7 (0.2) and left and right 

dorsomedial parietooccipital sulcus (0.19│0.22) of the precuneus passed the threshold. 
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Figure 5-25: Activation map for ICA component 6 with a z-score of ≥ 3.3 and a cluster size of ≥ 10 
voxels. The component map is depicted in colors corresponding to its z-scores superimposed over axial 
slices of the mean of all 30 participants’ normalized structural scans. 

The occipital lobe had relative activation sizes of 0.5 left and 0.48 right, with the left and 

right medioventral occipital cortex (0.92│0.92) and left and right lateral occipital cortex 

(0.17│0.15) also passing the threshold size of 0.1.  

Out of the smaller sub-regions, as depicted in figure 5-26 G, the left and right caudal 

lingual gyrus (0.9│0.72), left and right rostral cuneus gyrus (1│1), left and right caudal 

cuneus gyrus (0.76│0.91), left and right rostral lingual gyrus (0.9│0.9) and left and right 

ventromedial parietooccipital sulcus (0.99│0.99) of the medioventral occipital cortex as 

well as the left and right occipital polar cortex (0.13│0.12) and left and right medial 

superior occipital gyrus (0.93│0.83) of the lateral occipital cortex passed the threshold 

size. 
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Figure 5-26: Bar charts representing voxel density of the activation map of ICA component 6 for z-
score ≥ 3.3. Figure 5-26 A provides an overview over voxel density in respect to regions within the brain. 
The ratio of active voxels to total number of voxels within a region is depicted with bars ranging from 
zero to one, divided into left and right hemisphere. Region names on the left are color coded in respect 
to frontal lobe (orange), temporal lobe (dark blue) parietal lobe (green) insular lobe (magenta), limbic 
lobe (purple), occipital lobe (light blue), subcortical nuclei (brown) and cerebellum (black). Figures B-
C specify spatial distribution within smaller sub-areas of the lobes with one figure for each lobe 
identifiable by color code and areas from figure 5-26  A, identifiable by corresponding numbers from 1-
20. A listing of abbreviated sub-areas can be found in appendix c.  



Results 

146 
 

5-3-2-3-2 TEMPORAL 

The temporal characteristics of the component 1 in respect to correlation of its participant-

specific waveforms with presented event categories within all videos are illustrated in 

figure 5-27 in form of bar charts representing the difference of quantities of positive 

minus negative significant correlations.  

 

 
Figure 5-27: Bar charts representing the differences of quantities of positive and negative 
significant (p ≤ 0.001) correlations of each event category with the participants’ respective 
component waveforms of component 6 . Only positive differences are shown in an ascending order with 
the component categories on the abscissa and the quantities of positive minus negative correlations on 
the ordinate. Figure 5-27 A illustrates the differences for all component categories with red dotted lines 
representing calculated (n=2) changepoints to show possible abrupt changes in the ascending order. The 
bars with the ten highest values are marked in green, and further illustrated in figure 5-27 B for better 
readability of categories with the highest Δ. 
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The ascending listing of all categories with positive differences, as illustrated in figure 

5-27 A, showed an abrupt jump from the category with the largest to the category with 

the second largest positive difference. 

The focused listing of the ten categories with the highest positive differences in figure 

5-27 B illustrates that the subject-specific waveforms of component 1 best correlated with 

events of the level-2 head & body action ‘turn’. The second highest positive difference 

was found for the level-2 head & body action of the carry category. Most other lower-

ordered event categories were of the arm & hand interaction type of levels 1 and 2. 

5-3-2-4 COMPONENT 12 

5-3-2-4-1 SPATIAL 

The spatial characteristics of the component map for ICA component 12 are shown in 

figure 5-28, via an overlay over normalized axial brain slices for a quick outline. The 

voxel density analysis for this activation map is illustrated in figure 5-29, with a general 

summary given figure 5-29 A.  

Activity within this component map was found in the frontal lobe, with relative activation 

sizes of 0.02 left and 0.02 right and none of the larger regions reaching a relative 

activation size of ≥ 0.1. Out of the smaller sub-regions, as depicted in figure 5-29 B, the 

left and right medial BA 10 (0.12│0.16) of the superior frontal gyrus as well as the left 

and right medial BA 14 (0.44│0.55) of the orbital gyrus passed the threshold. 

The parietal lobe had relative activation sizes of 0.14 left and 0.13 right, with the left and 

right precuneus (0.15│0.17) also passing the threshold size of 0.1. Out of the smaller sub-

regions, as depicted in figure 5-29 D, the left and right caudal BA 7 (0.22│0.12) of the 

superior parietal lobule, the right rostrodorsal BA 39 (0.11) and left rostroventral BA 39 

(0.13) of the inferior parietal lobule as well as the left and right medial BA 7 (0.66│0.6), 

left and right dorsomedial parietooccipital sulcus (0.82│0.61) and left and right BA 31 

(0.78│0.83) of the precuneus passed the threshold of relative activation size. 
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Figure 5-28: Activation map for ICA component 12 with a z-score of ≥ 3.3 and a cluster size of ≥ 10 
voxels. The component map is depicted in colors corresponding to its z-scores superimposed over axial 
slices of the mean of all 30 participants’ normalized structural scans. 

The limbic lobe had relative activation sizes of 0.39 left and 0.39 right. Since the cingulate 

gyri were the only larger BN-atlas regions within the lobe, they also passed the threshold 

size of 0.1.  

Out of the smaller sub-regions, as depicted in figure 5-29 F, the left and right dorsal BA 

23 (0.95│0.93), left rostroventral BA 24 (0.11), left and right pregenual BA 32 

(0.14│0.28), left and right ventral BA 23 (0.89│0.89), left and right caudal BA 23 

(0.13│0.2) and left and right subgenual BA 32 (0.4│0.37) of the cingulate gyrus also 

passed threshold levels. 
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Figure 5-29: Bar charts representing voxel density of the activation map of ICA component 12 for 
z-score ≥ 3.3. Figure 5-29 A provides an overview over voxel density in respect to regions within the 
brain. The ratio of active voxels to total number of voxels within a region is depicted with bars ranging 
from zero to one, divided into left and right hemisphere. Region names on the left are color coded in 
respect to frontal lobe (orange), temporal lobe (dark blue) parietal lobe (green) insular lobe (magenta), 
limbic lobe (purple), occipital lobe (light blue), subcortical nuclei (brown) and cerebellum (black). 
Figures B-C specify spatial distribution within smaller sub-areas of the lobes with one figure for each 
lobe identifiable by color code and areas from figure 5-29  A, identifiable by corresponding numbers from 
1-20. A listing of abbreviated sub-areas can be found in appendix c. 
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The occipital lobe had relative activation sizes of 0.05 left and 0.06 right, with the left 

and right medioventral occipital cortex (0.1│0.13) passing the threshold size of 0.1. Out 

of the smaller sub-regions, as depicted in figure 5-29 G, the right rostral cuneus gyrus 

(0,17) and left and right ventromedial parietooccipital sulcus (0.31│0.38) of the 

medioventral occipital cortex passed the threshold. 

Out of the subcortical nuclei, thalamic nuclei in the right hemisphere (0.12) passed the 

relative size threshold. Respective data for the non-depicted sub-regions can be found in 

table 0-55 of appendix e-3-3.  

5-3-2-4-2 TEMPORAL 

The temporal characteristics of the component 12 in respect to correlation of its 

participant-specific waveforms with presented event categories within all videos are 

illustrated in figure 5-30 in form of bar charts representing the difference of quantities of 

positive minus negative significant correlations. The ascending listing of all categories 

with positive Δ, as illustrated in figure 5-30 A, showed an abrupt jump from the categories 

with the largest and second largest positive difference to the categories with lower 

positive differences. 

The focused listing of the ten categories with the highest positive differences in figure 

5-30 B illustrates that component 12 had its highest consistent participant-specific 

correlations with events of the combined level-2 head & body action meta-category 

forward movement, consisting of carry, return, and other unspecified forward 

movements. Events of the level-2 head & body category ‘turn’ had the second highest 

positive Δ, followed by ‘return’ and unspecified forward movements of the head & body 

level. Other lower-ordered event categories were of the arm & hand interaction type of 

levels 1 and 2. 

 



Results 

151 
 

 
Figure 5-30: Bar charts representing the differences the quantities of positive and negative 
significant (p ≤ 0.001) correlations of each event category with the participants’ respective 
component waveforms of component 12 . Only positive differences are shown in an ascending order 
with the component categories on the abscissa and the quantities of positive minus negative correlations 
on the ordinate. Figure 5-30 A illustrates the differences for all component categories with red dotted 
lines representing calculated (n=2) changepoints to show possible abrupt changes in the ascending order. 
The bars with the ten highest values are marked in green, and further illustrated in figure 5-30 B for 
better readability of categories with the highest Δ. 
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5-3-3 SEMI-AUTOMATED EVENT RECOGNITION VIA ICA COMPONENTS – 

EXAMPLE 

Figure 5-31 shows an exploratory example of a semi-automated event recognition script 

based on the ICA component 1, which was chosen out of the task-relevant components, 

since it showed generally high correlations with single object interaction events.  

 

 
Figure 5-31: Semi-automated event recognition via ICA component waveform.  The upper picture 
shows a still frame of the presented video. A subject-specific component map and waveform of the ICA 
component 1 are plotted below. The ICA waveform was shifted by 6 seconds to the left in order to 
compensate for hrf-lag, and a vertical red bar indicates the timing of the waveform in respect to current 
video position as indicated by the still frame. As was the case for the Proof of Concept study, peaks 
within the waveform were used to build novel ‘neuronal’ events with a 2.2 second (2*TR) peak window, 
as indicted by black bars in the lower row.  

Similar to the Proof of Concept study, the subject-specific waveform with the highest 

temporal correlation to an object interaction event category was chosen to function as an 

indicator for such events through a simple peak detection algorithm for an exemplary 

video. 
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Whenever a peak occurred in the component’s waveform, a novel event was created 

around the peak with an event length corresponding to a window size of 2*TR (2.2 

seconds). This smaller event length compared to the Proof of Concept study was a result 

of the shortened TR of the final study and naturally compensated for the more rapidly 

occurring object interaction events. Again, timings of the newly created event category 

could give indication of singular object interaction or perception events happening within 

the video. 

5-3-4 ICA DISCUSSION 

The resulting components of the ICA analysis complemented the GLM results in their 

spatial and temporal characteristics. Starting with the two components that had the highest 

number of significant positive correlations with object interaction events, component 1 

could be considered as being primarily concerned with object identification on a 

perceptual level. Its spatial activation pattern encompassed BA 37 in the fusiform gyrus 

with its generalized functions found in e.g., visual attention, -processing, and object 

recognition, and small volumes of BA 39 in the parietal lobe, which was proposed to play 

a key role in multimodal integration and spatial cognition. 

The component’s main active volumes were found in areas of the occipital lobe, in 

particular in the lateral occipital cortex with its primarily shape-, contour-, and motion-

based object characterization functions, followed by activation in the medioventral 

occipital cortex with its proposed whole-scene and textural based processing. In the lateral 

occipital cortex, the activity distribution was shifted towards the middle- and inferior 

occipital gyri. The lack of superior occipital gyrus activation could not be explained yet 

and would have to be explored further. Furthermore, only minor incorporation of area 

V5/MT+ was observed.  

It could be argued that hypothesized object recognition functions within this area in 

particular and the component in general might have primarily acted on static items within 

the focus of the study’s participants instead of moving items that were actively acted 

upon. The temporal characteristics of this component trended towards single object 

interaction events of movement- and action-level, with reaching, picking, grasping, and 

retracting events in the top ten of highest significant positive correlation amounts. While 
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picking and retracting events would infer a moving item, reaching and grasping events 

would be directed toward a static one. 

The spatial pattern of this component had a high similarity to task-relevant component 6 

of the Proof of Concept study, which was the reason for the selection of one of its subject-

specific waveforms for the exploratory, semi-automated event recognition algorithm. The 

peak detection approach could again show promising results for this neuroimaging based 

approach with clear peaks at times in which an item was acted upon. However, the 

temporal resolution of fMRI could not give further indication whether this was based on 

animated interaction or a correlating with object recognition on static objects. 

 

Component 3, the second component with a dominance of significant positive 

correlations with object interaction events, incorporated executive functions of the frontal 

lobe by activation of areas in the premotor cortex. Additional active voxel volumes were 

again found in BA 37, dominantly in the middle- and inferior temporal gyri (areas which 

were observed to be active for pick and place events in the GLM-analysis), corroborating 

a dimension of active engagement. The largest activity was found in the parietal lobe, 

especially in BA 5 and 7 which were proposed to take part in planning and executing 

upper limb movements, execution and suppression of planned movements and the update 

of the internal representation of limb posture. Further activity in the parietal lobe was 

found in BA 40 with its hypothesized functions for event timing and presentation of 

sequential action order and proprioception. These further underpinned the focus on 

movement and kinetics, either of effectors, acted on items, or a combination of both. This 

stood in contrast to component 1, which was hypothesized to focus on more static aspects 

of the acted on (or planned to be acted on) items. 

Activity was also found in the primary somatosensory cortex with its highest volume in, 

BA 2 that is most intricately connected to touch, pressure, and joint position, pointing to 

the component being coupled with sensation in these modalities. Completing the picture 

of the component’s representation of processing action kinetics with a high cognitive 

load, the occipital cortex had its largest activation volume within V5/MT+.  

From a temporal perspective, component 3 had its highest number of significant positive 

correlations with episodes stemming from combined event categories encompassing 

general object interaction as well episode of standing still, which essentially covered the 
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same timeframes as continuous object interaction. During these long episodes, 

participants continuously focused on moving arms and hands and, if following study 

protocol, experienced a mental presentation of their own upper limbs virtually moving in 

accordance with the movements of the presented upper limbs.  

 

Compared to previous components, the mean waveform of component 6 was generally 

anticorrelated to episodes of object interaction. Its spatial map had rather trivial activity 

in the temporal lobe with about equal volumes within BA 37 in the fusiform gyrus and 

part of the precuneus, pointing to balanced but minor focus on object and scene 

recognition. In the parietal lobe, BA 7 that was proposed to play part in spatial 

representations and update of limb posture also exhibited minor activity within the 

superior parietal lobule and the precuneus, with larger activation volume in the precuneus, 

as also seen in navigation events in the GLM analysis. Largest overall activation in the 

parietal lobe for this component was found in the dorsomedial parieto-occipital sulcus 

with its involvement in mental navigation and allocentric- and egocentric perspective 

calculations, further pointing to an involvement of areas of this component’s spatial 

activation map in episodes between object interaction phases. 

Additional voxel volumes encompassed the posterior parietal cortex with a dominance on 

the self-monitoring focused ventral part. The largest activated area was found in the 

occipital lobe, especially in the whole-scene and textural information focused 

medioventral cortex, also covering the ventromedial parts of the parieto-occipital sulcus.  

It was not immediately obvious why the largest activity within the lateral occipital cortex 

was found in parts of the superior gyrus, but further exploration might prove useful, 

considering its missing activation in component 1 and only minor activation in component 

3.  

With the highest number of significant positive correlations found by far in the event 

category of turn, distantly followed by events of the navigation category of carry, a 

possible functional purpose could be surmised in a reorientation from the tightly focused 

activities during object interaction to a wider perception during navigation events, 

especially between item pick up episodes and the transport to the target area. This in-

between state would explain the activity split in BA 37, an already whole-scene focused 

activity within the occipital lobe, and a dominance of self-monitoring in the PCC that 
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might have been the most logical transitional function before novel spatial information 

from navigation events arrived. As was the case for component 8 of the PoC-study, this 

component further resembled known resting state networks of the visual system 

(Beckmann et al., 2005), indicating a connection between some of these networks with 

study-related stimuli. However, further analyses would be needed here to get a clearer 

picture. 

 

Staying within the topic of resting state networks, component 12 had high similarity with 

a classical default mode network (DMN) with primarily frontal-, (precuneus based) 

parietal-, and cingulate cortex activity. It however also resembled proposed networks for 

attention to visuo-spatial stimuli (Beckmann et al., 2005) and while the DMN is often 

connected to activity in medial frontal areas, this component had its activity shifted to the 

orbital areas which could have stemmed from a link between them and the dorsal PCC 

that was proposed involved in visual information processing for subsequent premotor 

activity (Vogt et al., 2006). 

Specific orbito-frontal activity was thereby confined to the mesial parts with the highest 

volume of activated voxels in BA 14 in the gyrus rectus (Öngür & Price, 2000) whose 

function still seems unclear in large parts (Joo et al., 2016). Smaller activation clusters 

were found e.g., in the mesial part of BA 10, which was proposed have a monitoring 

function over long term mental plans (Koechlin & Hyafil, 2007). Further clusters were 

found in the parietal lobe in BA 39 for multimodal integration and spatial cognition, but 

the largest volumes were present in the precuneus in form of BA 7 for spatial 

representations and in the dorsomedial parieto-occipital sulcus for proposed mental 

navigation tasks with activity reaching to the ventromedial parieto-occipital sulcus.  

The domination of this component by the posterior- and anterior parts of the cingulate 

cortex and their general function in emotion and reward related behavior and 

introspection as well as spatial and topographic attention and orientation in combination 

with the component’s highest number of significant positive correlations with events of 

generalized forward walking and turning, with events of the more specialized return sub-

category of forward walking in distant third place would point to an involvement of the 

component in navigation-related functions.  
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However, the lack of hippocampal- or larger parahippocampal activity might also indicate 

a simple increase in DMN activity in-between highly focused object interaction episodes. 

A final statement on this would however need more work in regard to comparison of task-

relevant components to standard brain networks.   
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 CONCLUSIONS AND OUTLOOK 

6-1 CONCLUSIONS 

As was indicated by results from the Proof of Concept study, the final fMRI-study could 

provide evidence that both proposed hypotheses listed in paragraph 3-1 were valid. 

 

Hypothesis 1, stating that a discrete and event dependent allocation of brain activity 

would be measurable, depending on the event category, was tested through GLM 

analysis, which resulted in patterns of activity that could clearly distinguish between 

events of object interaction, at least for pick and place, and navigation events. A baseline 

activity for all categories was found in motor-planning and execution related areas of the 

frontal lobe, paired with temporal and parietal activation in areas responsible for high-

level integration in terms of object recognition, spatial representation, and object 

interaction together with a high baseline activity in the visual cortex. Events of pick and 

place resulted in vast additional recruitment in areas responsible for executive functions 

of the frontal lobe as well as object identity, visuospatial- as well as action-related 

functions of the temporal and parietal lobes, coupled with increased activity in the 

primary somatosensory cortex related to touch. In contrast, navigation events resulted in 

increased additional activity in areas of the temporal-, parietal- and limbic lobes 

responsible for, e.g., topographical memory, spatial navigation, introspection and whole-

scene perception, the latter supported by areas in the medioventral occipital cortex.  

Differences and similarities between the activation patterns were further corroborated by 

the results from the automated clustering through the K-Means clustering algorithm that 

reliably grouped most events based on their ontological classification on varying 

hierarchical levels. Through automatic clustering, it could further be shown that the 

environmental context of event performance only played a secondary role for brain 

activity in relation to NEEM categories. While not further analyzed within the scope of 

this dissertation, indications for this were also found trough the visualization of the inter-

lab conjunctions in paragraph 5-2-2 and their corresponding voxel density lists in 

appendix e-2-2-2. 
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ICA results complemented the successful testing of hypothesis 1 by revealing task-

relevant components whose waveforms had high correlation with event categories of 

either object interaction or navigation on different granularity levels, and whose spatial 

activation maps would not only correspond to proposed neuroanatomical functions of 

object interaction and navigation but would also constitute subsets of activation patterns 

found in the GLM analyses for the same categories.   

Exemplary waveforms from the ICA analysis also demonstrated that a categorization of 

video data based solely on fMRI-derived neuronal data was possible, giving compelling 

evidence for a validity of hypothesis 2. In terms of temporal and spatial characteristics, 

ICA components 1 and 12 further resembled task-relevant components found in the Proof 

of Concept ICA analysis, indicating a general reproducibility of test results and thus a 

validity of semi-automated event recognition via ICA components under varying 

experimental conditions. 

Certain similarities were observed between the task relevant ICA components with 

highest overall correlation strength to navigation events and default mode networks (for 

a review, see: Raichle, 2015). In a lesser sense, this was also seen brain patterns from the 

GLM analysis of additionally recruited areas for the navigation events e.g., in case of 

activity within the precuneus and the dorsal posterior cingulate cortex. These were 

however only found in a subset of areas, and this argumentation would disregard the 

strong baseline activity for all event categories.  

 

Summarizing the role of the results in context of neuroimaging, while observed patterns 

of event-related brain activity from both employed methods corresponded well with 

known neurophysiological facts concerning brain areas and their function in 

environmental interaction, past neuroimaging studies usually focused on limited aspects 

and simple stimulus material. The present study however demonstrated the validity of 

fMRI to extract these activity patterns from complex naturalistic stimuli using a protocol 

based on action observation. 

In terms of its role for the EASE CRC, results indicated that the neuronal data could 

inform about human information processing, and that this data could be used in future 

model building e.g., through analysis of size and complexity of recruited brain areas and 

their proposed physiological function for specific event categories. Furthermore, due to 
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the employed event categorization, present results show brain activity common for an 

event category such as pick, representing a dimensionality reduction when compared to 

analyzing brain activity during a single action or NEEM. Results are therefore equivalent 

with neuronal correlates of PEAMs. This offers a first insight into the human brain’s 

stereotypical base response to a demand of a broad context without the possible extra 

layer of fine tuning for a particular action. Concerning the need to find a homologue robot 

model in order to enable computationally feasible real time environmental interaction, 

these results provide an important fundament for future studies. 

Neuroimaging data was also shown to have immediate usefulness for semi-automated 

event recognition and annotation in form of ICA company waveforms. These waveforms 

would, besides preprocessed but otherwise raw imaging data, thus be a prime candidate 

for upload into the NEEMHub and further processing within the EASE human activities 

data analysis pipeline. 

6-2 FUTURE WORK 

Next to work on emergent detail questions such as potential functional subdivisions, e.g., 

in case of the angular gyrus, or a deeper analysis of the neuroanatomical basis of spatial 

ICA component activation characteristics, an important next step in the analysis of results 

from existing data should encompass a classification of brain activity patterns in terms of 

similarity with known brain networks, e.g., resting-state and attentional networks (e.g.; 

Beckmann et al., 2005; Fox et al., 2005; Raz, 2004) due to stark similarity of found ICA 

components with known resting state networks. 

Furthermore, in contrast to the present thesis, in which brain activity was analyzed in 

relation to motion and action episodes that were chosen according to the SOMA ontology, 

which were temporally defined as laying between contact events that signal their 

boundaries, an additional analysis might prove beneficial that does not focus on the 

episodes but on the contact events themselves. This would contribute to present state of 

neurophysiological research concerning perception of contact events and their role in the 

transition between brain states as well as gaining additional knowledge concerning the 

accuracy of the SOMA ontology.  

To advance the knowledge about the brain’s proposed ability of generalization in terms 

of environmental interaction, the existing data would provide a variety of options. On the 
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level of current event categories with their PEAM-like character, further analyses 

concerning lateralization beyond the overview given in this thesis cold prove useful for 

insights concerning allocation of brain processes in terms of bi- or unilateral activation 

within higher-order cortices, and expanding work on lab-specific differences between 

events of the same category, as listed in appendix e-2-2-2, would give provide additional 

knowledge about the impact of environmental contexts. 

For all employed methods, a further semantic specialization of the event categories would 

be the next logical step. Brain activity would thus not only be subsumed over a broad 

category such as ‘place’ but could also be analyzed for categories with an ascending level 

of specificity, e.g., ‘place fork’ and ‘place fork on the opposite side of the table’. 

Sufficient statistical power provided, addition of focused categories would allow for a 

direct comparison of recruited brain areas, leading to models of neurophysiological 

generalization within the context of everyday activities which would also benefit 

algorithms of semi-automated event recognition and annotation. 

For the advancement of such algorithms based on Independent Component Analyses, 

further work will moreover lie in the integration of more than one task-relevant 

component. Due to their differences in phase and spatial granularity, a combination of 

multiple component waveforms together with more sophisticated peak detection methods 

could lead to very sophisticated event detection and annotation. Additional pattern 

classification algorithms, e.g., in form of Multi Voxel Pattern Analysis (for a review, see: 

Norman et al., 2006) should also be explored in term of ability to successfully predict 

event categories. 

 

Besides further work on existing data, future studies will be expanded in terms of 

collaboration between the laboratories of the EASE CRC. For this, a LabLinking concept 

that was established by Schultz et al. (2021) between the NeuroImaging Lab and the 

Biosignals Lab, consisting of several levels of interconnectivity between both laboratories 

and potential additional candidates will be brought to the next level. Phase 1 fMRI 

recordings of this thesis were hereby based on coordinated studies that use standardized 

guidelines and practices such as a common annotation standard based on the SOMA 

ontology. This constitutes the lowest LabLinking level. Since the results from the analysis 

of these recordings were successful in establishing the viability of neuroimaging in 
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gaining insight into the neuronal correlates of everyday activities, further studies will 

incorporate higher levels of interconnectedness. In the immediate future, this will cover 

levels two and three, covering asynchronous and real-time LabLinking.  

While asynchronous LabLinking will add a tighter integration of fMRI recordings into 

the EASE-TSD by presenting participants of neuroimaging studies 1-st person videos that 

were prerecorded by others or themselves during live-table setting experiments in the 

EASE-BASE instead of the more carefully constructed videos of the Proof of Concept 

and final fMRI studies, real-time bidirectional LabLinking will build on this and 

incorporate a component of active decision making by the fMRI participant in order to 

elucidate the neural basis of these processes that contribute to human adaptivity (Schultz 

et al., 2021). 

For this, a network connection between both laboratories has been established that sends 

real-time high-resolution 1st- and 3rd-person video from the Biosignals Lab to the Skyra 

MR-Scanner and transmits bidirectional multi-channel audio and response data. 

Participants in the fMRI scanner will be presented with a livestream of the table setting 

actions of the participants in the Biosignals Lab and will be involved in their decision 

making processes during scenarios that confront the participants with decisions 

concerning the table-setting process. At this LabLinking level, decisions will be binary 

and cover factors like insufficient or ambiguous information, such as unsuitable tableware 

for a given occasion, or competing information, such as wrong labeling of food items 

based on their labeled nutritional value (Schultz et al., 2021). 

FMRI participants will be able to use a response channel via button presses and can, 

depending on their role defined by the current scenario, either give their opinion on a 

decision made by the participants in the Biosignals Lab or actively take over the decision 

making process, utilizing Biosignals Lab participants as avatars (Schultz et al., 2021).  

With this incorporation, EASE neuroimaging will expand on knowledge concerning 

neuronal correlates of quasi-realistic decision making (e.g.: Gloy et al., 2020) and 

networks for error detection and conflict resolution (e.g.: Frühholz et al., 2011; Wittfoth 

et al., 2008) in a hitherto unreached realistic manner and provide an even larger interface 

between human and robot control systems. 
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 REVISIONS FOR PUBLISHED VERSION  

Page 85, line 20: 

BASE return > fixation dot, ROBO carry > fixation dot 

changed to  

BASE return > fixation dot, ROBO return > fixation dot 

 

Page 123, lines 28-29: 

… the largest clusters and unique areas for carry events were found in its lower limb 

regions, while the upper limb regions were mostly activated by pick, place, and carry. 

changed to 

… the largest clusters and unique areas for return events were found in its lower limb 

regions, while the upper limb regions were mostly activated by pick, place, and return. 

 

Page 155, line 27: 

… distantly followed by events of the navigation category of return, … 

changed to 

… distantly followed by events of the navigation category of carry, … 

 

Page 156, line 13:  

… a link between them and the dorsal PPC … 

changed to 

… a link between them and the dorsal PCC … 
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APPENDICES 

APPENDIX A FMRI INFORMATION, CONSENT, AND 

QUESTIONNAIRE 

 
Picture 0-1: First page of the EASE final fMRI study participant information sheet 
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Picture 0-2: Second page of the EASE final fMRI study participant information sheet 
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Picture 0-3: Third page of the EASE final fMRI study participant information sheet 
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Picture 0-4: EASE final fMRI study participant consent sheet 

 

  



Appendices 

V 
 

 
Picture 0-5: EASE final fMRI study participant questionnaire 
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APPENDIX B ADDITIONAL QUESTIONNAIRES 

 
Picture 0-6: First page of the EASE final fMRI study likert quesstionnaire 
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Picture 0-7: Second page of the EASE final fMRI study likert quesstionnaire 
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Picture 0-8: EASE final fMRI study table setting scheme 
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APPENDIX C ATLAS REGIONS 

Table 0-1: List of atlas regions derived from the human brainnetome atlas (pt1 -frontal lobe).  
Regions are given in increasing spatial granularity from left to right. While lobes and regions were used 
in voxel density analyses of all studies, only the final study went down to the final granularity of the 
sub-regions and Brodmann areas. Within visualizations, sub-regions were abbreviated by the 
abbreviations found in the rightmost column. 

 
  

Lobe Region Subregion Abbreviation
medial area 8 A8m

dorsolateral area 8 A8dl
lateral area 9 A9l

dorsolateral area 6 A6dl
medial area 6 A6m
medial area 9 A9m

medial area 10 A10m
dorsal area 9/46 A9/46d

inferior frontal junction IFJ
area 46 A46

ventral area 9/46 A9/46v
ventrolateral area 8 A8vl
ventrolateral area 6 A6vl

lateral area10 A10l
dorsal area 44 A44d

inferior frontal sulcus IFS
caudal area 45 A45c
rostral area 45 A45r

opercular area 44 A44op
ventral area 44 A44v
medial area 14 A14m

orbital area 12/47 A12/47o
lateral area 11 A11l
medial area 11 A11m

area 13 A13
lateral area 12/47 A12/47l

area 4 (head and face region) A4hf
caudal dorsolateral area 6 A6cdl
area 4 (upper limb region) A4ul

area 4 (trunk region) A4t
area 4 (tongue and larynx region) A4tl

caudal ventrolateral area 6 A6cvl
area1/2/3 (lower limb region) A1/2/3ll

area 4 (lower limb region) A4ll

frontal lobe

superior frontal gyrus

middle frontal gyrus

inferior frontal gyrus

orbital gyrus

precentral gyrus

paracentral lobule
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Table 0-2: List of atlas regions derived from the human brainnetome atlas (pt2, temporal lobe – 
insular lobe). For a description, please refer to the caption of table 0-1. 

 

  

Lobe Region Subregion Abbreviation
medial area 38 A38m

area 41/42 A41/42
TE1.0 and TE1.2 TE1.0/TE1.2
caudal area 22 A22c
lateral area 38 A38l
rostral area 22 A22r
caudal area 21 A21c
rostral area 21 A21r

dorsolateral area 37 A37dl
anterior superior temporal sulcus aSTS

intermediate ventral area 20 A20iv
extreme lateroventral area 37 A37elv

rostral area 20 A20r
intermediate lateral area 20 A20il

ventrolateral area 37 A37vl
caudolateral of area 20 A20cl
caudoventral of area 20 A20cv

rostroventral area 20 A20rv
medioventral area 37 A37mv
lateroventral area 37 A37lv

rostral area 35/36 A35/36r
caudal area 35/36 A35/36c

area TL (lateral PPHC, posterior parahippocampal gyrus) TL
area 28/34 (EC, entorhinal cortex) A28/34

area TI (temporal agranular insular cortex) TI
area TH (medial PPHC) TH

rostroposterior superior temporal sulcus rpSTS
caudoposterior superior temporal sulcus cpSTS

rostral area 7 A7r
caudal area 7 A7c
lateral area 5 A5l

postcentral area 7 A7pc
intraparietal area 7 (hIP3) A7ip

caudal area 39 (PGp) A39c
rostrodorsal area 39 (Hip3) A39rd
rostrodorsal area 40 (PFt) A40rd

caudal area 40 (PFm) A40c
rostroventral area 39 (PGa) A39rv
rostroventral area 40 (PFop) A40rv

medial area 7 (PEp) A7m
medial area 5 (PEm) A5m

dorsomedial parietooccipital  sulcus (PEr) dmPOS
area 31 (Lc1) A31

area 1/2/3 (upper limb, head and face region) A1/2/3ulhf
area 1/2/3 (tongue and larynx region) A1/2/3tonIa

area 2 A2
area1/2/3 (trunk region) A1/2/3tru

hypergranular insula G
ventral agranular insula vIa
dorsal agranular insula dIa

ventral dysgranular and granular insula vId/vIg
dorsal granular insula dIg

dorsal dysgranular insula dId

parietal lobe

superior parietal lobule

inferior parietal lobule

precuneus

postcentral gyrus

insular lobe insular gyrus

temporal lobe

superior temporal gyrus

middle temporal gyrus

inferior temporal gyrus

fusiform gyrus

parahippocampal gyrus

posterior superior temporal sulcus
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Table 0-3: List of atlas regions derived from the human brainnetome atlas (pt2, limbic lobe – 
cerebellum). For a description, please refer to the caption of table 0-1. 

 
  

Lobe Region Subregion Abbreviation
dorsal area 23 A23d

rostroventral area 24 A24rv
pregenual area 32 A32p

ventral area 23 A23v
caudodorsal area 24 A24cd

caudal area 23 A23c
subgenual area 32 A32sg

caudal lingual gyrus cLinG
rostral cuneus gyrus rCunG
caudal cuneus gyrus cCunG
rostral lingual gyrus rLinG

ventromedial parietooccipital sulcus vmPOS
middle occipital gyrus mOccG

area V5/MT+ V5/MT+
occipital polar cortex OPC

inferior occipital gyrus iOccG
medial superior occipital gyrus msOccG
lateral superior occipital gyrus lsOccG

medial amygdala mAmyg
lateral amygdala lAmyg

rostral hippocampus rHipp
caudal hippocampus cHipp

ventral caudate vCa
globus pallidus GP

nucleus accumbens NAC
ventromedial putamen vmPu

dorsal caudate dCa
dorsolateral putamen dlPu

medial pre-frontal thalamus mPFtha
pre-motor thalamus mPMtha

sensory thalamus Stha
rostral temporal thalamus rTtha
posterior parietal thalamus PPtha

occipital thalamus Otha
caudal temporal thalamus cTtha

lateral pre-frontal thalamus lPFtha
lobules I-IV of cerebellar hemisphere CbI-IV

lobule V of cerebellar hemisphere CbV
lobule VI of cerebellar hemisphere CbVI

crus I of cerebellar hemisphere CbCrusI
crus II of cerebellar hemisphere CbCrusII

lobule VIIb of cerebellar hemisphere CbVIIb
lobule VIIIa of cerebellar hemisphere CbVIIIa
lobule VIIIb of cerebellar hemisphere CbVIIIb

lobule IX of cerebellar hemisphere CbIX
lobule X of cerebellar hemisphere CbX

cerebellum cerebellum

limbic lobe cingulate gyrus

occipital lobe

medioventral occipital cortex

lateral occipital cortex

subcortical nuclei

amygdala

hippocampus

basal ganglia

thalamus
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APPENDIX D PROOF OF CONCEPT DATA 

APPENDIX D-1 GLM 

APPENDIX D-1-1 ACTIVATION PATTERNS 

APPENDIX D-1-1-1 REACH 

 
Figure 0-1: Activation maps for the contrasts of the Proof of Concept event category of reach > 3 rd-
person video presentation and reach > fixation dot at p ≤ 0.005 uncorrected and a cluster size of ≥ 
10 voxels. Figure 0-1 A depicts the activation map for the contrast of reach > 3 rd-person video 
presentation, while figure 0-1 B depicts the activation map for the contrast of reach > fixation dot in 
colors corresponding to respective t-scores. The maps were superimposed over axial slices of the mean 
of all 30 participants’ normalized structural scans. 
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APPENDIX D-1-1-2 LIFT 

 
Figure 0-2: Activation maps for the contrasts of the Proof of Concept event category of lift > 3 rd-
person video presentation and lift > fixation dot at p ≤ 0.005 uncorrected and a cluster size of ≥ 10 
voxels. Figure 0-2 A depicts the activation map for the contrast of lift > 3 rd-person video presentation, 
while figure 0-2 B depicts the activation map for the contrast of lift > fixation dot in colors corresponding 
to respective t-scores. The maps were superimposed over axial slices of the mean of all 30 participants’ 
normalized structural scans. 

APPENDIX D-1-1-3 PLACE 

 
Figure 0-3: Activation maps for the contrasts of the Proof of Concept event category of place > 3 rd-
person video presentation and place > fixation dot at p ≤ 0.005 uncorrected and a cluster size of ≥ 
10 voxels. Figure 0-3 A depicts the activation map for the contrast of place > 3 rd-person video 
presentation, while figure 0-3 B depicts the activation map for the contrast of place > fixation dot in 
colors corresponding to respective t-scores. The maps were superimposed over axial slices of the mean 
of all 30 participants’ normalized structural scans. 
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APPENDIX D-1-1-4 RETRACT 

 
Figure 0-4: Activation maps for the contrasts of the Proof of Concept event category of retract > 
3rd-person video presentation and retract > fixation dot at p ≤ 0.005 uncorrected and a cluster size 
of ≥ 10 voxels. Figure 0-4 A depicts the activation map for the contrast of retract > 3 rd-person video 
presentation, while figure 0-4 B depicts the activation map for the contrast of retract > fixation dot in 
colors corresponding to respective t-scores. The maps were superimposed over axial slices of the mean 
of all 30 participants’ normalized structural scans. 

APPENDIX D-1-1-5 SWITCH 

 
Figure 0-5: Activation maps for the contrasts of the Proof of Concept event category of switch > 
3rd-person video presentation and switch > fixation dot at p ≤ 0.005 uncorrected and a cluster size 
of ≥ 10 voxels. Figure 0-5 A depicts the activation map for the contrast of switch > 3 rd-person video 
presentation, while figure 0-5 B depicts the activation map for the contrast of switch > fixation dot in 
colors corresponding to respective t-scores. The maps were superimposed over axial slices of the mean 
of all 30 participants’ normalized structural scans. 
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APPENDIX D-1-1-6 SURVEY 

 
Figure 0-6: Activation maps for the contrasts of the Proof of Concept event category of survey > 
3rd-person video presentation and survey > fixation dot at p ≤ 0.005 uncorrected and a cluster size 
of ≥ 10 voxels. Figure 0-6 A depicts the activation map for the contrast of survey > 3 rd-person video 
presentation, while figure 0-6 B depicts the activation map for the contrast of survey > fixation dot in 
colors corresponding to respective t-scores. The maps were superimposed over axial slices of the mean 
of all 30 participants’ normalized structural scans. 

APPENDIX D-1-1-7 WALK 

 
Figure 0-7: Activation maps for the contrasts of the Proof of Concept event category of walk > 3 rd-
person video presentation and walk > fixation dot at p ≤ 0.005 uncorrected and a cluster size of ≥ 
10 voxels. Figure 0-7 A depicts the activation map for the contrast of walk > 3 rd-person video 
presentation, while figure 0-7 B depicts the activation map for the contrast of walk > fixation dot in 
colors corresponding to respective t-scores. The maps were superimposed over axial slices of the mean 
of all 30 participants’ normalized structural scans.  
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APPENDIX D-1-2 VOXEL DENSITY TABLES 

APPENDIX D-1-2-1 REACH 

Table 0-4: Voxel density numbers for the Proof of Concept study’s contrasts of the event category 
reach > 3rd-person video and reach > fixation dot.  Activation sizes are given as absolute values of 
active voxels for each lobe/main brain region and constituting smaller regions as well as in form of the 
relative number of activated voxels compared to total voxels within each level of spatial granularity. 
Absolute and relative sizes are subdivided into left- and right-hemispheric activation. 

 
  

left right left right left right left right
superior frontal gyrus 7 0 0.0043 0
middle frontal gyrus 6 8 0.0033 0.0045
inferior frontal gyrus 35 47 0.0551 0.0694

orbital gyrus 0 0 0 0
precentral gyrus 27 42 0.0247 0.04

paracentral lobule 0 0 0 0
superior temporal gyrus 0 0 0 0
middle temporal gyrus 0 0 0 0
inferior temporal gyrus 0 0 0 0

fusiform gyrus 8 0 0.0093 0
parahippocampal gyrus 0 0 0 0

posterior superior temporal sulcus 0 0 0 0
superior parietal lobule 33 12 0.0482 0.0167
inferior parietal lobule 0 6 0 0.0029

precuneus 0 0 0 0
postcentral gyrus 25 0 0.0282 0

insular lobe 0 0 0 0 insular gyrus 0 0 0 0
limbic lobe 0 0 0 0 cingulate gyrus 0 0 0 0

medioventral occipital cortex 4 0 0.0037 0
lateral occipital cortex 71 4 0.0509 0.0028

amygdala 0 0 0 0
hippocampus 0 0 0 0
basal ganglia 0 0 0 0

thalamus 0 0 0 0
cerebellum 2 3 0.0007 0.001 cerebellum 2 3 0.0007 0.001

left right left right left right left right
superior frontal gyrus 21 29 0.0129 0.0172
middle frontal gyrus 7 20 0.0039 0.0112
inferior frontal gyrus 22 86 0.0346 0.127

orbital gyrus 6 14 0.005 0.011
precentral gyrus 14 33 0.0128 0.0314

paracentral lobule 0 0 0 0
superior temporal gyrus 0 0 0 0
middle temporal gyrus 1 6 0.0012 0.0057
inferior temporal gyrus 11 11 0.0122 0.0141

fusiform gyrus 33 61 0.0382 0.0763
parahippocampal gyrus 0 0 0 0

posterior superior temporal sulcus 0 0 0 0
superior parietal lobule 46 36 0.0673 0.05
inferior parietal lobule 40 80 0.0203 0.0387

precuneus 3 0 0.0037 0
postcentral gyrus 0 0 0 0

insular lobe 1 11 0.002 0.0245 insular gyrus 1 11 0.002 0.0245
limbic lobe 0 8 0 0.0109 cingulate gyrus 0 8 0 0.0109

medioventral occipital cortex 24 6 0.0221 0.0054
lateral occipital cortex 244 210 0.1748 0.1444

amygdala 0 0 0 0
hippocampus 0 0 0 0
basal ganglia 0 0 0 0

thalamus 0 0 0 0
cerebellum 119 53 0.0389 0.0172 cerebellum 119 53 0.0389 0.0172

subcortical nuclei 0 0 0 0

parietal lobe 89 116 0.0204 0.0257

occipital lobe 268 216 0.108 0.0841

frontal lobe 70 182 0.0106 0.0268

temporal lobe 45 78 0.0108 0.0193

Proof of Concept - Episodes of 1st-Person Reach > Fixation Dot

Lobe
Abs. Size Rel. Size

Region
Abs. Size Rel. Size

subcortical nuclei 0 0 0 0

Proof of Concept - Episodes of 1st-Person Reach > 3rd-Person Video

parietal lobe 58 18 0.0133 0.004

occipital lobe 75 4 0.0302 0.0016

frontal lobe 75 97 0.0114 0.0143

temporal lobe 8 0 0.0019 0

Lobe
Abs. Size Rel. Size

Region
Abs. Size Rel. Size
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APPENDIX D-1-2-2 LIFT 

Table 0-5: Voxel density numbers for the Proof of Concept study’s contrasts of the event category 
lift > 3rd-person video and lift > fixation dot.  Activation sizes are given as absolute values of active 
voxels for each lobe/main brain region and constituting smaller regions as well as in form of the relative 
number of activated voxels compared to total voxels within each level of spatial granularity. Absolute 
and relative sizes are subdivided into left- and right-hemispheric activation. 

 
  

left right left right left right left right
superior frontal gyrus 0 0 0 0
middle frontal gyrus 0 1 0 0.0006
inferior frontal gyrus 0 0 0 0

orbital gyrus 0 0 0 0
precentral gyrus 0 0 0 0

paracentral lobule 0 0 0 0
superior temporal gyrus 0 0 0 0
middle temporal gyrus 0 9 0 0.0086
inferior temporal gyrus 7 14 0.0078 0.0179

fusiform gyrus 7 0 0.0081 0
parahippocampal gyrus 0 0 0 0

posterior superior temporal sulcus 0 0 0 0
superior parietal lobule 2 10 0.0029 0.0139
inferior parietal lobule 0 5 0 0.0024

precuneus 23 26 0.0283 0.028
postcentral gyrus 15 37 0.0169 0.0466

insular lobe 1 0 0.002 0 insular gyrus 1 0 0.002 0
limbic lobe 3 4 0.0033 0.0054 cingulate gyrus 3 4 0.0033 0.0054

medioventral occipital cortex 15 0 0.0138 0
lateral occipital cortex 0 17 0 0.0117

amygdala 1 0 0.0135 0
hippocampus 2 0 0.0058 0
basal ganglia 6 0 0.0083 0

thalamus 45 0 0.09 0
cerebellum 37 72 0.0121 0.0234 cerebellum 37 72 0.0121 0.0234

left right left right left right left right
superior frontal gyrus 1 9 0.0006 0.0053
middle frontal gyrus 63 87 0.0351 0.0486
inferior frontal gyrus 0 18 0 0.0266

orbital gyrus 6 8 0.005 0.0063
precentral gyrus 0 0 0 0

paracentral lobule 1 0 0.0041 0
superior temporal gyrus 3 0 0.0027 0
middle temporal gyrus 27 42 0.0329 0.0402
inferior temporal gyrus 24 50 0.0266 0.0639

fusiform gyrus 15 30 0.0174 0.0375
parahippocampal gyrus 4 0 0.0157 0

posterior superior temporal sulcus 12 0 0.0563 0
superior parietal lobule 48 38 0.0702 0.0528
inferior parietal lobule 171 96 0.0868 0.0464

precuneus 59 72 0.0727 0.0776
postcentral gyrus 0 12 0 0.0151

insular lobe 15 8 0.0302 0.0178 insular gyrus 15 8 0.0302 0.0178
limbic lobe 53 35 0.0577 0.0476 cingulate gyrus 53 35 0.0577 0.0476

medioventral occipital cortex 82 78 0.0756 0.07
lateral occipital cortex 118 250 0.0845 0.1719

amygdala 1 0 0.0135 0
hippocampus 2 0 0.0058 0
basal ganglia 3 11 0.0042 0.015

thalamus 28 25 0.056 0.0541
cerebellum 151 44 0.0494 0.0143 cerebellum 151 44 0.0494 0.0143

subcortical nuclei 34 36 0.0208 0.0222

parietal lobe 278 218 0.0639 0.0483

occipital lobe 200 328 0.0806 0.1277

frontal lobe 71 122 0.0108 0.018

temporal lobe 85 122 0.0204 0.0302

Proof of Concept - Episodes of 1st-Person Lift > Fixation Dot

Lobe
Abs. Size Rel. Size

Region
Abs. Size Rel. Size

subcortical nuclei 54 0 0.033 0

Proof of Concept - Episodes of 1st-Person Lift > 3rd-Person Video

parietal lobe 40 78 0.0092 0.0173

occipital lobe 15 17 0.006 0.0066

frontal lobe 0 1 0 0.0001

temporal lobe 14 23 0.0034 0.0057

Lobe
Abs. Size Rel. Size

Region
Abs. Size Rel. Size
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APPENDIX D-1-2-3 PLACE 

Table 0-6: Voxel density numbers for the Proof of Concept study’s contrasts of the event category 
place > 3rd-person video and place > fixation dot.  Activation sizes are given as absolute values of 
active voxels for each lobe/main brain region and constituting smaller regions as well as in form of the 
relative number of activated voxels compared to total voxels within each level of spatial granularity. 
Absolute and relative sizes are subdivided into left- and right-hemispheric activation. 

 
 

  

left right left right left right left right
superior frontal gyrus 14 2 0.0086 0.0012
middle frontal gyrus 6 12 0.0033 0.0067
inferior frontal gyrus 0 9 0 0.0133

orbital gyrus 0 0 0 0
precentral gyrus 30 44 0.0274 0.0419

paracentral lobule 0 0 0 0
superior temporal gyrus 0 0 0 0
middle temporal gyrus 0 0 0 0
inferior temporal gyrus 0 2 0 0.0026

fusiform gyrus 0 0 0 0
parahippocampal gyrus 0 0 0 0

posterior superior temporal sulcus 0 0 0 0
superior parietal lobule 37 45 0.0541 0.0625
inferior parietal lobule 0 13 0 0.0063

precuneus 5 1 0.0062 0.0011
postcentral gyrus 19 3 0.0214 0.0038

insular lobe 0 0 0 0 insular gyrus 0 0 0 0
limbic lobe 0 0 0 0 cingulate gyrus 0 0 0 0

medioventral occipital cortex 0 0 0 0
lateral occipital cortex 39 38 0.0279 0.0261

amygdala 0 0 0 0
hippocampus 0 0 0 0
basal ganglia 0 0 0 0

thalamus 0 0 0 0
cerebellum 15 39 0.0049 0.0127 cerebellum 15 39 0.0049 0.0127

left right left right left right left right
superior frontal gyrus 10 8 0.0062 0.0047
middle frontal gyrus 5 15 0.0028 0.0084
inferior frontal gyrus 0 53 0 0.0783

orbital gyrus 0 1 0 0.0008
precentral gyrus 9 2 0.0082 0.0019

paracentral lobule 0 0 0 0
superior temporal gyrus 0 0 0 0
middle temporal gyrus 1 3 0.0012 0.0029
inferior temporal gyrus 12 13 0.0133 0.0166

fusiform gyrus 14 38 0.0162 0.0476
parahippocampal gyrus 0 0 0 0

posterior superior temporal sulcus 0 0 0 0
superior parietal lobule 86 78 0.1257 0.1083
inferior parietal lobule 36 102 0.0183 0.0493

precuneus 4 3 0.0049 0.0032
postcentral gyrus 1 0 0.0011 0

insular lobe 0 0 0 0 insular gyrus 0 0 0 0
limbic lobe 0 0 0 0 cingulate gyrus 0 0 0 0

medioventral occipital cortex 8 9 0.0074 0.0081
lateral occipital cortex 222 195 0.159 0.1341

amygdala 0 0 0 0
hippocampus 0 0 0 0
basal ganglia 0 0 0 0

thalamus 0 0 0 0
cerebellum 117 71 0.0382 0.0231 cerebellum 117 71 0.0382 0.0231

subcortical nuclei 0 0 0 0

parietal lobe 127 183 0.0292 0.0406

occipital lobe 230 204 0.0927 0.0794

frontal lobe 24 79 0.0036 0.0116

temporal lobe 27 54 0.0065 0.0134

Proof of Concept - Episodes of 1st-Person Place > Fixation Dot

Lobe
Abs. Size Rel. Size

Region
Abs. Size Rel. Size

subcortical nuclei 0 0 0 0

Proof of Concept - Episodes of 1st-Person Place > 3rd-Person Video

parietal lobe 61 62 0.014 0.0138

occipital lobe 39 38 0.0157 0.0148

frontal lobe 50 67 0.0076 0.0099

temporal lobe 0 2 0 0.0005

Lobe
Abs. Size Rel. Size

Region
Abs. Size Rel. Size
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APPENDIX D-1-2-4 RETRACT 

Table 0-7: Voxel density numbers for the Proof of Concept study’s contrasts of the event category 
retract > 3rd-person video and retract > fixation dot.  Activation sizes are given as absolute values of 
active voxels for each lobe/main brain region and constituting smaller regions as well as in form of the 
relative number of activated voxels compared to total voxels within each level of spatial granularity. 
Absolute and relative sizes are subdivided into left- and right-hemispheric activation. 

 
  

left right left right left right left right
superior frontal gyrus 8 0 0.0049 0
middle frontal gyrus 23 5 0.0128 0.0028
inferior frontal gyrus 74 13 0.1165 0.0192

orbital gyrus 3 0 0.0025 0
precentral gyrus 12 45 0.011 0.0429

paracentral lobule 0 0 0 0
superior temporal gyrus 88 0 0.0788 0
middle temporal gyrus 23 31 0.028 0.0296
inferior temporal gyrus 5 41 0.0055 0.0524

fusiform gyrus 8 5 0.0093 0.0063
parahippocampal gyrus 8 0 0.0314 0

posterior superior temporal sulcus 49 1 0.23 0.0054
superior parietal lobule 0 0 0 0
inferior parietal lobule 126 16 0.0639 0.0077

precuneus 0 0 0 0
postcentral gyrus 42 59 0.0474 0.0743

insular lobe 15 15 0.0302 0.0334 insular gyrus 15 15 0.0302 0.0334
limbic lobe 15 1 0.0163 0.0014 cingulate gyrus 15 1 0.0163 0.0014

medioventral occipital cortex 28 7 0.0258 0.0063
lateral occipital cortex 0 2 0 0.0014

amygdala 5 3 0.0676 0.0294
hippocampus 20 26 0.0585 0.079
basal ganglia 23 1 0.0319 0.0014

thalamus 0 9 0 0.0195
cerebellum 19 69 0.0062 0.0224 cerebellum 19 69 0.0062 0.0224

left right left right left right left right
superior frontal gyrus 8 2 0.0049 0.0012
middle frontal gyrus 42 85 0.0234 0.0475
inferior frontal gyrus 83 80 0.1307 0.1182

orbital gyrus 36 27 0.0298 0.0211
precentral gyrus 24 21 0.0219 0.02

paracentral lobule 0 0 0 0
superior temporal gyrus 87 5 0.0779 0.0051
middle temporal gyrus 44 80 0.0537 0.0765
inferior temporal gyrus 43 63 0.0477 0.0806

fusiform gyrus 23 43 0.0267 0.0538
parahippocampal gyrus 3 1 0.0118 0.004

posterior superior temporal sulcus 41 0 0.1925 0
superior parietal lobule 0 0 0 0
inferior parietal lobule 194 111 0.0984 0.0537

precuneus 76 26 0.0936 0.028
postcentral gyrus 10 10 0.0113 0.0126

insular lobe 10 4 0.0202 0.0089 insular gyrus 10 4 0.0202 0.0089
limbic lobe 12 22 0.0131 0.0299 cingulate gyrus 12 22 0.0131 0.0299

medioventral occipital cortex 230 92 0.212 0.0826
lateral occipital cortex 74 133 0.053 0.0915

amygdala 5 13 0.0676 0.1275
hippocampus 39 27 0.114 0.0821
basal ganglia 1 14 0.0014 0.0191

thalamus 8 27 0.016 0.0584
cerebellum 40 67 0.0131 0.0218 cerebellum 40 67 0.0131 0.0218

subcortical nuclei 53 81 0.0324 0.0498

parietal lobe 280 147 0.0643 0.0326

occipital lobe 304 225 0.1225 0.0876

frontal lobe 193 215 0.0292 0.0317

temporal lobe 241 192 0.0578 0.0475

Proof of Concept - Episodes of 1st-Person Retract > Fixation Dot

Lobe
Abs. Size Rel. Size

Region
Abs. Size Rel. Size

subcortical nuclei 48 39 0.0293 0.024

Proof of Concept - Episodes of 1st-Person Retract > 3rd-Person Video

parietal lobe 168 75 0.0386 0.0166

occipital lobe 28 9 0.0113 0.0035

frontal lobe 120 63 0.0182 0.0093

temporal lobe 181 78 0.0434 0.0193

Lobe
Abs. Size Rel. Size

Region
Abs. Size Rel. Size
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APPENDIX D-1-2-5 SWITCH 

Table 0-8: Voxel density numbers for the Proof of Concept study’s contrasts of the event category 
switch > 3rd-person video and switch > fixation dot.  Activation sizes are given as absolute values of 
active voxels for each lobe/main brain region and constituting smaller regions as well as in form of the 
relative number of activated voxels compared to total voxels within each level of spatial granularity. 
Absolute and relative sizes are subdivided into left- and right-hemispheric activation. 

 
  

left right left right left right left right
superior frontal gyrus 9 0 0.0055 0
middle frontal gyrus 6 16 0.0033 0.0089
inferior frontal gyrus 4 15 0.0063 0.0222

orbital gyrus 0 0 0 0
precentral gyrus 21 13 0.0192 0.0124

paracentral lobule 0 0 0 0
superior temporal gyrus 0 0 0 0
middle temporal gyrus 0 0 0 0
inferior temporal gyrus 0 6 0 0.0077

fusiform gyrus 20 21 0.0232 0.0263
parahippocampal gyrus 0 0 0 0

posterior superior temporal sulcus 0 0 0 0
superior parietal lobule 22 28 0.0322 0.0389
inferior parietal lobule 0 3 0 0.0015

precuneus 0 0 0 0
postcentral gyrus 17 2 0.0192 0.0025

insular lobe 0 0 0 0 insular gyrus 0 0 0 0
limbic lobe 0 3 0 0.0041 cingulate gyrus 0 3 0 0.0041

medioventral occipital cortex 2 0 0.0018 0
lateral occipital cortex 89 29 0.0638 0.0199

amygdala 0 0 0 0
hippocampus 0 0 0 0
basal ganglia 0 0 0 0

thalamus 0 0 0 0
cerebellum 95 101 0.0311 0.0328 cerebellum 95 101 0.0311 0.0328

left right left right left right left right
superior frontal gyrus 9 6 0.0055 0.0036
middle frontal gyrus 2 42 0.0011 0.0235
inferior frontal gyrus 0 10 0 0.0148

orbital gyrus 0 0 0 0
precentral gyrus 10 0 0.0091 0

paracentral lobule 0 0 0 0
superior temporal gyrus 0 0 0 0
middle temporal gyrus 1 1 0.0012 0.001
inferior temporal gyrus 0 4 0 0.0051

fusiform gyrus 32 57 0.0371 0.0713
parahippocampal gyrus 0 0 0 0

posterior superior temporal sulcus 0 0 0 0
superior parietal lobule 14 11 0.0205 0.0153
inferior parietal lobule 1 87 0.0005 0.0421

precuneus 0 0 0 0
postcentral gyrus 21 0 0.0237 0

insular lobe 0 0 0 0 insular gyrus 0 0 0 0
limbic lobe 6 14 0.0065 0.019 cingulate gyrus 6 14 0.0065 0.019

medioventral occipital cortex 8 5 0.0074 0.0045
lateral occipital cortex 186 174 0.1332 0.1197

amygdala 0 0 0 0
hippocampus 0 0 0 0
basal ganglia 3 0 0.0042 0

thalamus 0 0 0 0
cerebellum 95 39 0.0311 0.0127 cerebellum 95 39 0.0311 0.0127

subcortical nuclei 3 0 0.0018 0

parietal lobe 36 98 0.0083 0.0217

occipital lobe 194 179 0.0782 0.0697

frontal lobe 21 58 0.0032 0.0085

temporal lobe 33 62 0.0079 0.0153

Proof of Concept - Episodes of 1st-Person Switch > Fixation Dot

Lobe
Abs. Size Rel. Size

Region
Abs. Size Rel. Size

subcortical nuclei 0 0 0 0

Proof of Concept - Episodes of 1st-Person Switch > 3rd-Person Video

parietal lobe 39 33 0.009 0.0073

occipital lobe 91 29 0.0367 0.0113

frontal lobe 40 44 0.0061 0.0065

temporal lobe 20 27 0.0048 0.0067

Lobe
Abs. Size Rel. Size

Region
Abs. Size Rel. Size
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APPENDIX D-1-2-6 SURVEY 

Table 0-9: Voxel density numbers for the Proof of Concept study’s contrasts of the event category 
survey > 3rd-person video and survey > fixation dot.  Activation sizes are given as absolute values of 
active voxels for each lobe/main brain region and constituting smaller regions as well as in form of the 
relative number of activated voxels compared to total voxels within each level of spatial granularity. 
Absolute and relative sizes are subdivided into left- and right-hemispheric activation. 

 
  

left right left right left right left right
superior frontal gyrus 0 0 0 0
middle frontal gyrus 0 3 0 0.0017
inferior frontal gyrus 0 0 0 0

orbital gyrus 0 0 0 0
precentral gyrus 0 0 0 0

paracentral lobule 0 0 0 0
superior temporal gyrus 0 0 0 0
middle temporal gyrus 0 0 0 0
inferior temporal gyrus 0 0 0 0

fusiform gyrus 0 0 0 0
parahippocampal gyrus 0 0 0 0

posterior superior temporal sulcus 0 0 0 0
superior parietal lobule 0 0 0 0
inferior parietal lobule 0 0 0 0

precuneus 0 0 0 0
postcentral gyrus 0 0 0 0

insular lobe 0 0 0 0 insular gyrus 0 0 0 0
limbic lobe 0 0 0 0 cingulate gyrus 0 0 0 0

medioventral occipital cortex 0 0 0 0
lateral occipital cortex 0 0 0 0

amygdala 0 0 0 0
hippocampus 0 0 0 0
basal ganglia 0 0 0 0

thalamus 0 0 0 0
cerebellum 0 0 0 0 cerebellum 0 0 0 0

left right left right left right left right
superior frontal gyrus 0 0 0 0
middle frontal gyrus 3 25 0.0017 0.014
inferior frontal gyrus 0 17 0 0.0251

orbital gyrus 0 0 0 0
precentral gyrus 0 0 0 0

paracentral lobule 0 0 0 0
superior temporal gyrus 0 0 0 0
middle temporal gyrus 0 24 0 0.0229
inferior temporal gyrus 0 0 0 0

fusiform gyrus 45 67 0.0521 0.0839
parahippocampal gyrus 0 15 0 0.0593

posterior superior temporal sulcus 0 0 0 0
superior parietal lobule 0 0 0 0
inferior parietal lobule 40 121 0.0203 0.0585

precuneus 0 0 0 0
postcentral gyrus 0 0 0 0

insular lobe 0 0 0 0 insular gyrus 0 0 0 0
limbic lobe 0 0 0 0 cingulate gyrus 0 0 0 0

medioventral occipital cortex 32 38 0.0295 0.0341
lateral occipital cortex 147 281 0.1053 0.1933

amygdala 0 0 0 0
hippocampus 0 0 0 0
basal ganglia 0 0 0 0

thalamus 0 0 0 0
cerebellum 2 0 0.0007 0 cerebellum 2 0 0.0007 0

subcortical nuclei 0 0 0 0

parietal lobe 40 121 0.0092 0.0268

occipital lobe 179 319 0.0721 0.1242

frontal lobe 3 42 0.0005 0.0062

temporal lobe 45 106 0.0108 0.0262

Proof of Concept - Episodes of 1st-Person Survey > Fixation Dot

Lobe
Abs. Size Rel. Size

Region
Abs. Size Rel. Size

subcortical nuclei 0 0 0 0

Proof of Concept - Episodes of 1st-Person Survey > 3rd-Person Video

parietal lobe 0 0 0 0

occipital lobe 0 0 0 0

frontal lobe 0 3 0 0.0004

temporal lobe 0 0 0 0

Lobe
Abs. Size Rel. Size

Region
Abs. Size Rel. Size
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APPENDIX D-1-2-7 WALK  

Table 0-10: Voxel density numbers for the Proof of Concept study’s contrasts of the event category 
walk > 3rd-person video and walk > fixation dot.  Activation sizes are given as absolute values of active 
voxels for each lobe/main brain region and constituting smaller regions as well as in form of the relative 
number of activated voxels compared to total voxels within each level of spatial granularity. Absolute 
and relative sizes are subdivided into left- and right-hemispheric activation. 

 
  

left right left right left right left right
superior frontal gyrus 0 0 0 0
middle frontal gyrus 0 0 0 0
inferior frontal gyrus 0 0 0 0

orbital gyrus 0 0 0 0
precentral gyrus 0 19 0 0.0181

paracentral lobule 0 0 0 0
superior temporal gyrus 0 0 0 0
middle temporal gyrus 0 0 0 0
inferior temporal gyrus 0 0 0 0

fusiform gyrus 0 0 0 0
parahippocampal gyrus 0 0 0 0

posterior superior temporal sulcus 0 0 0 0
superior parietal lobule 18 29 0.0263 0.0403
inferior parietal lobule 0 0 0 0

precuneus 3 3 0.0037 0.0032
postcentral gyrus 19 0 0.0214 0

insular lobe 0 0 0 0 insular gyrus 0 0 0 0
limbic lobe 0 0 0 0 cingulate gyrus 0 0 0 0

medioventral occipital cortex 0 0 0 0
lateral occipital cortex 0 0 0 0

amygdala 0 0 0 0
hippocampus 0 0 0 0
basal ganglia 0 0 0 0

thalamus 0 0 0 0
cerebellum 45 65 0.0147 0.0211 cerebellum 45 65 0.0147 0.0211

left right left right left right left right
superior frontal gyrus 0 0 0 0
middle frontal gyrus 0 0 0 0
inferior frontal gyrus 0 52 0 0.0768

orbital gyrus 0 0 0 0
precentral gyrus 0 0 0 0

paracentral lobule 0 0 0 0
superior temporal gyrus 0 0 0 0
middle temporal gyrus 0 11 0 0.0105
inferior temporal gyrus 8 22 0.0089 0.0281

fusiform gyrus 14 15 0.0162 0.0188
parahippocampal gyrus 0 0 0 0

posterior superior temporal sulcus 0 0 0 0
superior parietal lobule 11 38 0.0161 0.0528
inferior parietal lobule 17 128 0.0086 0.0619

precuneus 0 4 0 0.0043
postcentral gyrus 0 0 0 0

insular lobe 0 0 0 0 insular gyrus 0 0 0 0
limbic lobe 7 26 0.0076 0.0353 cingulate gyrus 7 26 0.0076 0.0353

medioventral occipital cortex 39 19 0.0359 0.0171
lateral occipital cortex 64 245 0.0458 0.1685

amygdala 0 0 0 0
hippocampus 0 0 0 0
basal ganglia 0 0 0 0

thalamus 0 0 0 0
cerebellum 164 131 0.0536 0.0426 cerebellum 164 131 0.0536 0.0426

subcortical nuclei 0 0 0 0

parietal lobe 28 170 0.0064 0.0377

occipital lobe 103 264 0.0415 0.1028

frontal lobe 0 52 0 0.0077

temporal lobe 22 48 0.0053 0.0119

Proof of Concept - Episodes of 1st-Person Walk > Fixation Dot

Lobe
Abs. Size Rel. Size

Region
Abs. Size Rel. Size

subcortical nuclei 0 0 0 0

Proof of Concept - Episodes of 1st-Person Walk > 3rd-Person Video

parietal lobe 40 32 0.0092 0.0071

occipital lobe 0 0 0 0

frontal lobe 0 19 0 0.0028

temporal lobe 0 0 0 0

Lobe
Abs. Size Rel. Size

Region
Abs. Size Rel. Size
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APPENDIX D-2 ICA 

APPENDIX D-2-1 ICASSO SIMILARITY GRAPH 

 
Figure 0-8: ICASSO similarity graph for components of the final Independent Component Analysis . 
Estimation clusters are represented by areas, with larger area sizes indicating less reliable component 
estimations. 
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APPENDIX D-2-2 ACTIVATION PATTERNS OF ALL COMPONENTS 

 
Figure 0-9: Activation maps for Proof of Concept ICA components 1-6 with a z-score of ≥ 3.3 and 
a cluster size of ≥ 10 voxels.  The component maps are depicted in colors corresponding to their z-scores 
superimposed over axial slices of the mean of all 5 participants’ normalized structural scans. 

  



Appendices 

XXV 
 

 
Figure 0-10: Activation maps for Proof of Concept ICA components 7-15 with a z-score of ≥ 3.3 and 
a cluster size of ≥ 10 voxels.  The component maps are depicted in colors corresponding to their z-scores 
superimposed over axial slices of the mean of all 5 participants’ normalized structural scans. 
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Figure 0-11: Activation maps for Proof of Concept ICA components 16-24 with a z-score of ≥ 3.3 
and a cluster size of ≥ 10 voxels.  The component maps are depicted in colors corresponding to their z-
scores superimposed over axial slices of the mean of all 5 participants’ normalized structural scans. 
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APPENDIX D-2-3 VOXEL DENSITY TABLES OF TASK-RELEVANT 

COMPONENTS 

Table 0-11: Voxel density numbers for the Proof of Concept study’s ICA components 6 and 8.  
Activation sizes are given as absolute values of active voxels for each lobe/main brain region and 
constituting smaller regions as well as in form of the relative number of activated voxels compared to 
total voxels within each level of spatial granularity. Absolute and relative sizes are subdivided into left- 
and right-hemispheric activation. 

 
  

left right left right left right left right
superior frontal gyrus 0 0 0 0
middle frontal gyrus 18 16 0.01 0.0089
inferior frontal gyrus 0 0 0 0

orbital gyrus 6 6 0.005 0.0047
precentral gyrus 0 1 0 0.001

paracentral lobule 0 0 0 0
superior temporal gyrus 0 0 0 0
middle temporal gyrus 1 0 0.0012 0
inferior temporal gyrus 0 0 0 0

fusiform gyrus 205 157 0.2375 0.1965
parahippocampal gyrus 0 0 0 0

posterior superior temporal sulcus 0 0 0 0
superior parietal lobule 1 0 0.0015 0
inferior parietal lobule 19 0 0.0096 0

precuneus 0 0 0 0
postcentral gyrus 0 1 0 0.0013

insular lobe 0 0 0 0 insular gyrus 0 0 0 0
limbic lobe 0 0 0 0 cingulate gyrus 0 0 0 0

medioventral occipital cortex 176 167 0.1622 0.1499
lateral occipital cortex 769 629 0.5509 0.4326

amygdala 0 0 0 0
hippocampus 0 0 0 0
basal ganglia 0 0 0 0

thalamus 0 0 0 0
cerebellum 106 135 0.0347 0.0439 cerebellum 106 135 0.0347 0.0439

left right left right left right left right
superior frontal gyrus 0 0 0 0
middle frontal gyrus 0 11 0 0.0061
inferior frontal gyrus 0 0 0 0

orbital gyrus 13 10 0.0108 0.0078
precentral gyrus 0 4 0 0.0038

paracentral lobule 0 2 0 0.0065
superior temporal gyrus 15 25 0.0134 0.0255
middle temporal gyrus 7 0 0.0085 0
inferior temporal gyrus 0 0 0 0

fusiform gyrus 62 54 0.0718 0.0676
parahippocampal gyrus 12 24 0.0471 0.0949

posterior superior temporal sulcus 0 0 0 0
superior parietal lobule 0 4 0 0.0056
inferior parietal lobule 7 4 0.0036 0.0019

precuneus 110 228 0.1355 0.2457
postcentral gyrus 0 0 0 0

insular lobe 0 0 0 0 insular gyrus 0 0 0 0
limbic lobe 50 37 0.0544 0.0503 cingulate gyrus 50 37 0.0544 0.0503

medioventral occipital cortex 849 829 0.7825 0.7442
lateral occipital cortex 100 76 0.0716 0.0523

amygdala 0 20 0 0.1961
hippocampus 2 12 0.0058 0.0365
basal ganglia 1 2 0.0014 0.0027

thalamus 0 0 0 0
cerebellum 90 39 0.0294 0.0127 cerebellum 90 39 0.0294 0.0127

subcortical nuclei 3 34 0.0018 0.0209

parietal lobe 117 236 0.0269 0.0523

occipital lobe 949 905 0.3825 0.3524

frontal lobe 13 27 0.002 0.004

temporal lobe 96 103 0.023 0.0255

Proof of Concept - ICA Component 8

Lobe
Abs. Size Rel. Size

Region
Abs. Size Rel. Size

subcortical nuclei 0 0 0 0

Proof of Concept - ICA Component 6

parietal lobe 20 1 0.0046 0.0002

occipital lobe 945 796 0.3809 0.31

frontal lobe 24 23 0.0036 0.0034

temporal lobe 206 157 0.0494 0.0388

Lobe
Abs. Size Rel. Size

Region
Abs. Size Rel. Size
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APPENDIX E FINAL STUDY DATA 

APPENDIX E-1 FULL EVENT STATISTICS 

Table 0-12: Event statistics for uncombined events categories of level-1 and level-2 arm & hand 
motions and actions of all EASE-BASE videos, subdivided into left- and right-handed execution.  
The category name is given in the leftmost column. The number of events for each category in the column 
to the right of it, followed by the mean duration, median duration, and standard deviation of all events 
within the respective category. The number of events is listed for one full sequence of videos. Each 
participant was shown two sequences. 

category no. of events mean duration (s) median duration (s) standard deviation (s) 

BASE_reach-free-r 42 0.62 0.57 0.25 

BASE_reach-hold-r 72 1.22 1.23 0.60 

BASE_retract-free-r 50 0.51 0.50 0.20 

BASE_retract-hold-r 42 0.75 0.67 0.34 

BASE_grasp-free-r 70 0.45 0.30 0.36 

BASE_grasp-hold-r 8 0.49 0.52 0.26 

BASE_regrasp-free-r 1 0.20 0.20 0.00 

BASE_regrasp-hold-r 7 0.58 0.53 0.26 

BASE_release-free-r 70 0.24 0.20 0.15 

BASE_release-hold-r 17 0.31 0.30 0.11 

BASE_rest-suspend-free-r 2 0.72 0.72 0.35 

BASE_rest-suspend-hold-r 21 0.81 0.50 0.72 

BASE_rest-surface-hold-r 6 0.71 0.67 0.25 

BASE_slide-hold-r 6 0.41 0.43 0.20 

BASE_pick-r 36 1.76 1.62 0.84 

BASE_place-r 58 1.73 1.68 0.58 

BASE_rearrange-r 8 1.08 1.02 0.42 

BASE_reach-free-l 18 0.56 0.52 0.21 

BASE_reach-hold-l 49 0.92 0.80 0.51 

BASE_retract-free-l 18 0.42 0.37 0.20 

BASE_retract-hold-l 45 0.82 0.73 0.41 

BASE_grasp-free-l 20 0.35 0.33 0.18 

BASE_grasp-hold-l 9 0.47 0.33 0.40 

BASE_regrasp-hold-l 3 1.48 1.03 0.89 

BASE_release-free-l 19 0.26 0.23 0.10 

BASE_release-hold-l 18 0.36 0.27 0.31 

BASE_rest-suspend-hold-l 38 1.09 0.92 0.78 

BASE_rest-surface-hold-l 3 0.82 0.73 0.28 

BASE_pick-l 10 1.91 1.50 1.05 

BASE_place-l 14 1.97 2.03 0.69 

BASE_switch-l 45 0.97 0.90 0.44 
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Table 0-13: Event statistics for uncombined events categories of level-1 and level-2 arm & hand 
motions and actions of all EASE-BASE videos, generalized over either hand, as well as events of 
the level-2 head & body action categories.  The category name is given in the leftmost column. The 
number of events for each category in the column to the right of it, followed by the mean duration, 
median duration, and standard deviation of all events within the respective category. The number of 
events is listed for one full sequence of videos. Each participant was shown two sequences. 

category no. of events mean duration (s) median duration (s) standard deviation (s) 

BASE_reach-free-b 53 0.61 0.53 0.25 

BASE_reach-hold-b 102 1.16 1.10 0.72 

BASE_retract-free-b 63 0.50 0.50 0.20 

BASE_retract-hold-b 74 0.81 0.72 0.43 

BASE_grasp-free-b 84 0.43 0.30 0.35 

BASE_grasp-hold-b 17 0.48 0.43 0.33 

BASE_regrasp-free-b 1 0.20 0.20 0.00 

BASE_regrasp-hold-b 9 0.89 0.83 0.67 

BASE_release-free-b 84 0.24 0.20 0.14 

BASE_release-hold-b 35 0.33 0.30 0.23 

BASE_rest-suspend-free-b 2 0.72 0.72 0.35 

BASE_rest-suspend-hold-b 51 1.04 0.83 0.76 

BASE_rest-surface-hold-b 8 0.81 0.80 0.22 

BASE_slide-hold-b 6 0.41 0.43 0.20 

BASE_pick-b 36 1.82 1.62 0.89 

BASE_place-b 52 2.11 1.78 1.24 

BASE_switch-b 45 0.97 0.90 0.44 

BASE_rearrange-b 8 1.08 1.02 0.42 

BASE_stand 36 6.10 4.97 4.78 

BASE_turn 41 1.53 1.43 0.45 

BASE_walk_f_unspec 7 1.88 2.00 0.54 

BASE_carry 17 2.10 2.07 0.36 

BASE_return 11 2.34 2.13 0.47 
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Table 0-14: Event statistics for uncombined events categories of level-1 and level-2 arm & hand 
motions and actions of all RoboLab videos, subdivided into left- and right-handed execution.  The 
category name is given in the leftmost column. The number of events for each category in the column to 
the right of it, followed by the mean duration, median duration, and standard deviation of all events 
within the respective category. The number of events is listed for one full sequence of videos. Each 
participant was shown two sequences. 

category no. of events mean duration (s) median duration (s) standard deviation (s) 

ROBO_reach-free-r 27 0.54 0.57 0.17 

ROBO_reach-hold-r 25 1.42 1.40 0.37 

ROBO_retract-free-r 32 0.40 0.38 0.20 

ROBO_retract-hold-r 15 1.11 0.93 0.46 

ROBO_push-r 7 1.62 1.77 0.32 

ROBO_pull-r 8 1.55 1.57 0.28 

ROBO_grasp-free-r 35 0.48 0.40 0.32 

ROBO_regrasp-hold-r 1 0.57 0.57 0.00 

ROBO_release-free-r 37 0.34 0.30 0.19 

ROBO_rest-suspend-free-r 1 1.87 1.87 0.00 

ROBO_rest-suspend-hold-r 12 1.64 1.42 0.97 

ROBO_pick-r 15 1.72 1.57 0.55 

ROBO_place-r 24 1.88 1.82 0.30 

ROBO_switch-r 1 0.50 0.50 0.00 

ROBO_open-r 8 1.81 1.83 0.29 

ROBO_close-r 7 1.75 1.77 0.42 

ROBO_reach-free-l 13 0.61 0.60 0.19 

ROBO_reach-hold-l 13 1.10 0.90 0.50 

ROBO_retract-free-l 11 0.36 0.40 0.15 

ROBO_retract-hold-l 20 0.86 0.77 0.37 

ROBO_push-l 3 1.76 1.63 0.46 

ROBO_pull-l 2 2.35 2.35 0.12 

ROBO_grasp-free-l 14 0.42 0.42 0.22 

ROBO_grasp-hold-l 3 0.50 0.53 0.09 

ROBO_regrasp-hold-l 1 0.37 0.37 0.00 

ROBO_release-free-l 8 0.36 0.35 0.11 

ROBO_release-hold-l 6 0.57 0.38 0.45 

ROBO_rest-suspend-hold-l 25 1.17 0.93 0.77 

ROBO_pick-l 8 1.42 1.27 0.38 

ROBO_place-l 4 2.08 2.05 0.37 

ROBO_switch-l 15 1.34 1.23 0.65 

ROBO_open-l 2 2.67 2.67 0.19 

ROBO_close-l 3 1.90 1.63 0.71 
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Table 0-15: Event statistics for uncombined events categories of level-1 and level-2 arm & hand 
motions and actions of all RoboLab videos, generalized over either hand, as well as events of the 
level-2 head & body action categories.  The category name is given in the leftmost column. The number 
of events for each category in the column to the right of it, followed by the mean duration, median 
duration, and standard deviation of all events within the respective category. The number of events is 
listed for one full sequence of videos. Each participant was shown two sequences. 

category 
no. of 
events 

mean duration 
(s) 

median duration 
(s) 

standard deviation 
(s) 

ROBO_reach-free-b 36 0.55 0.56 0.18 

ROBO_reach-hold-b 34 1.43 1.37 0.63 

ROBO_retract-free-b 42 0.39 0.38 0.20 

ROBO_retract-hold-b 29 1.06 0.93 0.51 

ROBO_push-b 10 1.66 1.70 0.35 

ROBO_pull-b 10 1.71 1.63 0.42 

ROBO_grasp-free-b 45 0.47 0.40 0.31 

ROBO_grasp-hold-b 3 0.50 0.53 0.09 

ROBO_regrasp-hold-b 2 0.47 0.47 0.14 

ROBO_release-free-b 44 0.35 0.32 0.19 

ROBO_release-hold-b 6 0.57 0.38 0.45 

ROBO_rest-suspend-free-b 1 1.87 1.87 0.00 

ROBO_rest-suspend-hold-b 32 1.35 1.10 0.87 

ROBO_pick-b 19 1.71 1.57 0.50 

ROBO_place-b 25 2.07 1.90 0.58 

ROBO_switch-b 15 1.37 1.23 0.61 

ROBO_open-b 10 1.98 1.88 0.45 

ROBO_close-b 10 1.80 1.77 0.48 

ROBO_stand 33 4.54 3.67 3.30 

ROBO_turn 32 1.79 1.72 0.46 

ROBO_walk_f_unspec 4 2.68 2.73 0.58 

ROBO_carry 17 2.00 1.97 0.38 

ROBO_return 12 1.83 1.73 0.43 
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APPENDIX E-2 GLM 

APPENDIX E-2-1 VOXEL DENSITY GRAPHS: LAB-SPECIFIC 

DIFFERENCES 

 
Figure 0-12: Bar charts representing combined voxel densities of the activation maps for 
supplemental areas from the contrasts of BASE pick > fixation dot and ROBO pick > fixation dot 
at p ≤ 0.001 uncorrected and a cluster size of ≥ 10 voxels. Figure 0-12 A provides an overview over 
voxel density in respect to regions within the brain. The ratio of active voxels to total number of voxels 
within a region is depicted with bars ranging from zero to one, divided into left and right hemisphere, 
with red bars representing BASE pick and cyan bars representing ROBO pick. Region names on the left 
are color coded in respect to frontal lobe (orange), temporal lobe (dark blue) parietal lobe (green) insular 
lobe (magenta), limbic lobe (purple), occipital lobe (light blue), subcortical nuclei (brown) and 
cerebellum (black). Figures B-C specify spatial distribution within smaller sub-areas of the lobes with 
one figure for each lobe identifiable by color code and areas from figure 0-12  A, identifiable by 
corresponding numbers from 1-20. A listing of abbreviated sub-areas can be found in appendix c. 
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Figure 0-13: Bar charts representing combined voxel densities of the activation maps for 
supplemental areas from the contrasts of BASE place > fixation dot and ROBO place > fixation dot 
at p ≤ 0.001 uncorrected and a cluster size of ≥ 10 voxels. Figure 0-13 A provides an overview over 
voxel density in respect to regions within the brain. The ratio of active voxels to total number of voxels 
within a region is depicted with bars ranging from zero to one, divided into left and right hemisphere, 
with red bars representing BASE place and cyan bars representing ROBO place. Region names on the 
left are color coded in respect to frontal lobe (orange), temporal lobe (dark blue) parietal lobe (green) 
insular lobe (magenta), limbic lobe (purple), occipital lobe (light blue), subcortical nuclei (brown) and 
cerebellum (black). Figures B-C specify spatial distribution within smaller sub-areas of the lobes with 
one figure for each lobe identifiable by color code and areas from figure 0-13  A, identifiable by 
corresponding numbers from 1-20. A listing of abbreviated sub-areas can be found in appendix c.  
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Figure 0-14: Bar charts representing combined voxel densities of the activation maps for 
supplemental areas from the contrasts of BASE switch > fixation dot and ROBO switch > fixation 
dot at p ≤ 0.001 uncorrected and a cluster size of ≥ 10 voxels. Figure 0-14 A provides an overview 
over voxel density in respect to regions within the brain. The ratio of active voxels to total number of 
voxels within a region is depicted with bars ranging from zero to one, divided into left and right 
hemisphere, with red bars representing BASE switch and cyan bars representing ROBO switch. Region 
names on the left are color coded in respect to frontal lobe (orange), temporal lobe (dark blue) parietal 
lobe (green) insular lobe (magenta), limbic lobe (purple), occipital lobe (light blue), subcortical nuclei 
(brown) and cerebellum (black). Figures B-C specify spatial distribution within smaller sub-areas of the 
lobes with one figure for each lobe identifiable by color code and areas from figure 0-14  A, identifiable 
by corresponding numbers from 1-20. A listing of abbreviated sub-areas can be found in appendix c.  
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Figure 0-15: Bar charts representing combined voxel densities of the activation maps for 
supplemental areas from the contrasts of BASE carry > fixation dot and ROBO carry > fixation dot 
at p ≤ 0.001 uncorrected and a cluster size of ≥ 10 voxels. Figure 0-15 A provides an overview over 
voxel density in respect to regions within the brain. The ratio of active voxels to total number of voxels 
within a region is depicted with bars ranging from zero to one, divided into left and right hemisphere, 
with red bars representing BASE carry and cyan bars representing ROBO carry. Region names on the 
left are color coded in respect to frontal lobe (orange), temporal lobe (dark blue) parietal lobe (green) 
insular lobe (magenta), limbic lobe (purple), occipital lobe (light blue), subcortical nuclei (brown) and 
cerebellum (black). Figures B-C specify spatial distribution within smaller sub-areas of the lobes with 
one figure for each lobe identifiable by color code and areas from figure 0-15  A, identifiable by 
corresponding numbers from 1-20. A listing of abbreviated sub-areas can be found in appendix c. 
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Figure 0-16: Bar charts representing voxel density of the activation map for supplemental areas 
from the contrasts of BASE return > fixation dot and ROBO return > fixation dot at p ≤ 0.001 
uncorrected and a cluster size of ≥ 10 voxels. Figure 0-16 A provides an overview over voxel density 
in respect to regions within the brain. The ratio of active voxels to total number of voxels within a region 
is depicted with bars ranging from zero to one, divided into left and right hemisphere, with red bars 
representing BASE return and cyan bars representing ROBO return. Region names on the left are color 
coded in respect to frontal lobe (orange), temporal lobe (dark blue) parietal lobe (green) insular lobe 
(magenta), limbic lobe (purple), occipital lobe (light blue), subcortical nuclei (brown) and cerebellum 
(black). Figures B-C specify spatial distribution within smaller sub-areas of the lobes with one figure for 
each lobe identifiable by color code and areas from figure 0-16  A, identifiable by corresponding numbers 
from 1-20. A listing of abbreviated sub-areas can be found in appendix c.  
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APPENDIX E-2-2 VOXEL DENSITY TABLES 

APPENDIX E-2-2-1 CONJUNCTIONS 

APPENDIX E-2-2-1-1 CONJUNCTION OF ALL CONTRASTS > 

FIXATION DOT 

Table 0-16: Voxel density numbers for the fMRI study’s conjunction of all event categories > 
fixation dot (frontal lobe – temporal lobe)  Activation sizes are given as absolute values of active voxels 
for each lobe/main brain region, their constituting smaller regions and sub-regions/Brodmann areas as 
well as in form of a relative number of activated voxels compared to total voxels within each level of 
spatial granularity. Absolute and relative sizes are subdivided into left- and right-hemispheric activation, 
with an additional lateralization index in form of a value ranging from -1 (only left-hemispheric 
activation) to 1 (only right-hemispheric activation). 

 

left right left right left right left right left right left right
medial area 8 0 0 0 0 0

dorsolateral area 8 1 0 0.0038 0 -1
lateral area 9 0 0 0 0 0

dorsolateral area 6 106 10 0.54 0.049 -0.8346
medial area 6 0 0 0 0 0
medial area 9 0 0 0 0 0

medial area 10 0 0 0 0 0
dorsal area 9/46 0 0 0 0 0

inferior frontal junction 17 0 0.0762 0 -1
area 46 0 0 0 0 0

ventral area 9/46 0 0 0 0 0
ventrolateral area 8 0 0 0 0 0
ventrolateral area 6 90 21 0.4787 0.1099 -0.6265

lateral area10 0 0 0 0 0
dorsal area 44 46 0 0.4646 0 -1

inferior frontal sulcus 0 0 0 0 0
caudal area 45 0 0 0 0 0
rostral area 45 0 0 0 0 0

opercular area 44 0 0 0 0 0
ventral area 44 0 0 0 0 0
medial area 14 0 0 0 0 0

orbital area 12/47 0 0 0 0 0
lateral area 11 0 1 0 0.0028 1
medial area 11 0 0 0 0 0

area 13 0 0 0 0 0
lateral area 12/47 0 0 0 0 0

area 4 (head and face region) 2 0 0.0074 0 -1
caudal dorsolateral area 6 61 32 0.3211 0.1296 -0.425
area 4 (upper limb region) 0 0 0 0 0

area 4 (trunk region) 0 0 0 0 0
area 4 (tongue and larynx region) 0 0 0 0 0

caudal ventrolateral area 6 56 0 0.2569 0 -1
area1/2/3 (lower limb region) 11 0 0.1183 0 -1

area 4 (lower limb region) 0 0 0 0 0
medial area 38 0 12 0 0.0615 1

area 41/42 0 0 0 0 0
TE1.0 and TE1.2 0 0 0 0 0
caudal area 22 0 0 0 0 0
lateral area 38 0 0 0 0 0
rostral area 22 0 0 0 0 0
caudal area 21 0 0 0 0 0
rostral area 21 0 1 0 0.0036 1

dorsolateral area 37 0 0 0 0 0
anterior superior temporal sulcus 0 0 0 0 0

intermediate ventral area 20 9 0 0.0938 0 -1
extreme lateroventral area 37 70 20 0.7865 0.2778 -0.478

rostral area 20 0 0 0 0 0
intermediate lateral area 20 0 0 0 0 0

ventrolateral area 37 15 2 0.1128 0.019 -0.711
caudolateral of area 20 7 0 0.0504 0 -1
caudoventral of area 20 4 0 0.0229 0 -1

rostroventral area 20 15 4 0.049 0.0132 -0.5757
medioventral area 37 170 124 0.625 0.5167 -0.0949
lateroventral area 37 222 167 0.7789 0.6523 -0.0885

rostral area 35/36 0 0 0 0 0
caudal area 35/36 1 3 0.0227 0.0577 0.4348

area TL (lateral PPHC, post. parahippoc. gyrus) 0 0 0 0 0
area 28/34 (EC, entorhinal cortex) 0 0 0 0 0

area TI (temporal agranular insular cortex) 0 0 0 0 0
area TH (medial PPHC) 8 2 0.2286 0.0444 -0.6744

rostroposterior superior temporal sulcus 3 0 0.0286 0 -1
caudoposterior superior temporal sulcus 12 0 0.1111 0 -1

Lat.Lobe
Abs. Size Rel. Size

Lat. Region
Abs. Size Rel. Size

Lat. Subregion
Abs. Size Rel. Size

conjunction of all event categories (BASE & ROBO) > fixation dot,  (pt. 1)

frontal
lobe

temporal
lobe

superior
frontal gyrus

middle
frontal gyrus

inferior
frontal gyrus

orbital gyrus

precentral gyrus

paracentral lobule

superior
temporal gyrus

middle
temporal gyrus

inferior
temporal gyrus

fusiform gyrus

parahippocampal
gyrus

posterior superior
temporal sulcus

390 64 0.0591 0.0094 -0.725

536 335 0.1285 0.0828 -0.2162

107 10 0.0658 0.0059 -0.8349

107 21 0.0596 0.0117 -0.6714

46 0 0.0724 0 -1

0 1 0 0.0008 1

119 32 0.1088 0.0305 -0.5623

11 0 0.0451 0 -1

0 12 0 0.0123 1

0 1 0 0.001 1

105 22 0.1164 0.0281 -0.6107

407 295 0.4716 0.3692 -0.1218

9 5 0.0353 0.0198 -0.2821

15 0 0.0704 0 -1
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Table 0-17: Voxel density numbers for the fMRI study’s conjunction of all event categories > 
fixation dot (parietal lobe – cerebellum)  Activation sizes are given as absolute values of active voxels 
for each lobe/main brain region, their constituting smaller regions and sub-regions/Brodmann areas as 
well as in form of a relative number of activated voxels compared to total voxels within each level of 
spatial granularity. Absolute and relative sizes are subdivided into left- and right-hemispheric activation, 
with an additional lateralization index in form of a value ranging from -1 (only left-hemispheric 
activation) to 1 (only right-hemispheric activation).  

 
  

left right left right left right left right left right left right
rostral area 7 110 99 0.9244 0.6471 -0.1765
caudal area 7 124 140 0.8732 0.8861 0.0073
lateral area 5 102 0 0.6846 0 -1

postcentral area 7 70 15 0.4667 0.102 -0.6411
intraparietal area 7 (hIP3) 120 88 0.9677 0.6111 -0.2259

caudal area 39 (PGp) 170 12 0.5346 0.0342 -0.8798
rostrodorsal area 39 (Hip3) 68 91 0.281 0.3193 0.0638
rostrodorsal area 40 (PFt) 1 0 0.0032 0 -1

caudal area 40 (PFm) 0 0 0 0 0
rostroventral area 39 (PGa) 29 0 0.0628 0 -1
rostroventral area 40 (PFop) 11 0 0.0348 0 -1

medial area 7 (PEp) 71 54 0.441 0.4463 0.006
medial area 5 (PEm) 78 55 0.4815 0.2941 -0.2416

dorsomedial parietooccipital  sulcus (PEr) 13 16 0.0502 0.0468 -0.0352
area 31 (Lc1) 0 7 0 0.0252 1

area 1/2/3 (upper limb, head and face region) 0 0 0 0 0
area 1/2/3 (tongue and larynx region) 0 0 0 0 0

area 2 2 0 0.0089 0 -1
area1/2/3 (trunk region) 0 0 0 0 0

hypergranular insula 0 0 0 0 0
ventral agranular insula 0 0 0 0 0
dorsal agranular insula 0 0 0 0 0

ventral dysgranular and granular insula 0 0 0 0 0
dorsal granular insula 0 0 0 0 0

dorsal dysgranular insula 0 0 0 0 0
dorsal area 23 0 0 0 0 0

rostroventral area 24 0 0 0 0 0
pregenual area 32 0 0 0 0 0

ventral area 23 0 0 0 0 0
caudodorsal area 24 0 0 0 0 0

caudal area 23 0 0 0 0 0
subgenual area 32 0 0 0 0 0

caudal lingual gyrus 80 89 0.5556 0.5086 -0.0442
rostral cuneus gyrus 59 25 0.2469 0.1078 -0.3923
caudal cuneus gyrus 128 78 0.6632 0.4262 -0.2175
rostral lingual gyrus 5 3 0.0226 0.0123 -0.2958

ventromedial parietooccipital sulcus 37 15 0.1285 0.0536 -0.4114
middle occipital gyrus 196 192 0.8201 0.8 -0.0124

area V5/MT+ 127 66 0.557 0.2739 -0.3408
occipital polar cortex 198 271 0.6923 0.9509 0.1574

inferior occipital gyrus 265 238 0.9107 0.8815 -0.0163
medial superior occipital gyrus 38 66 0.2099 0.3438 0.2417
lateral superior occipital gyrus 166 198 0.9708 0.8761 -0.0513

medial amygdala 0 0 0 0 0
lateral amygdala 0 0 0 0 0

rostral hippocampus 21 11 0.1207 0.0705 -0.2624
caudal hippocampus 44 33 0.2619 0.1908 -0.1572

ventral caudate 0 0 0 0 0
globus pallidus 0 0 0 0 0

nucleus accumbens 0 0 0 0 0
ventromedial putamen 0 0 0 0 0

dorsal caudate 0 0 0 0 0
dorsolateral putamen 0 0 0 0 0

medial pre-frontal thalamus 0 0 0 0 0
pre-motor thalamus 0 0 0 0 0

sensory thalamus 15 3 0.3488 0.0682 -0.673
rostral temporal thalamus 4 0 0.0678 0 -1

posterior parietal thalamus 38 32 0.4872 0.4507 -0.0389
occipital thalamus 34 13 0.5763 0.2708 -0.3606

caudal temporal thalamus 5 1 0.0847 0.0208 -0.6054
lateral pre-frontal thalamus 0 5 0 0.0641 1

lobules I-IV of cerebellar hemisphere 6 9 0.0309 0.0479 0.215
lobule V of cerebellar hemisphere 24 27 0.1081 0.1317 0.0984
lobule VI of cerebellar hemisphere 237 274 0.4969 0.6299 0.1181

crus I of cerebellar hemisphere 247 283 0.3484 0.3824 0.0466
crus II of cerebellar hemisphere 47 33 0.0826 0.0627 -0.1367

lobule VIIb of cerebellar hemisphere 10 15 0.0402 0.0545 0.1519
lobule VIIIa of cerebellar hemisphere 19 13 0.0763 0.052 -0.1894
lobule VIIIb of cerebellar hemisphere 41 13 0.205 0.0588 -0.5541

lobule IX of cerebellar hemisphere 11 0 0.071 0 -1
lobule X of cerebellar hemisphere 24 28 0.6857 0.6829 -0.002

Subregion
Abs. Size Rel. Size

conjunction of all event categories (BASE & ROBO) > fixation dot,  (pt. 2)

parietal
lobe

969 577 0.2226 0.128 -0.27

superior
parietal lobule

526 342 0.769 0.475 -0.2363

inferior
parietal lobule

279 103

Lat.Lobe
Abs. Size Rel. Size

Lat. Region
Abs. Size Rel. Size

0.1416 0.0498 -0.4793

precuneus 162 132 0.1995 0.1422 -0.1676

Lat.

0 0

-1

insular
lobe

0 0 0 0 0 insular gyrus 0 0 0 0 0

postcentral gyrus 2 0 0.0023 0

0 0
limbic
lobe

0

occipital
lobe

1299 1241 0.5236 0.4833 -0.0401

medioventral
occipital cortex

309 210 0.2848 0.1885 -0.2034

lateral
occipital cortex

990

0 cingulate gyrus 0 0 00

1031 0.7092 0.7091 -0.0001

subcortical
nuclei

161 98 0.0983 0.0603 -0.2395

amygdala 0 0 0 0 0

-0.1739

basal ganglia 0 0 0 0 0

hippocampus 65 44 0.1901 0.1337

-0.2432

cerebellum 666 695 0.2177 0.2259 0.0185 cerebellum 666 695 0.2177 0.2259 0.0185

thalamus 96 54 0.192 0.1169
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APPENDIX E-2-2-1-2 CONJUNCTION OF PICK > FIXATION DOT - 

SUPPLEMENTARY TO CONJUNCTION: ALL 

Table 0-18: Voxel density numbers for the fMRI study’s supplementary areas from conjunction of  
BASE pick & ROBO pick > fixation dot (frontal lobe – temporal lobe)  Activation sizes are given as 
absolute values of active voxels for each lobe/main brain region, their constituting smaller regions and 
sub-regions/Brodmann areas as well as in form of a relative number of activated voxels compared to total 
voxels within each level of spatial granularity. Absolute and relative sizes are subdivided into left- and 
right-hemispheric activation, with an additional lateralization index in form of a value ranging from -1 
(only left-hemispheric activation) to 1 (only right-hemispheric activation). 

 
  

left right left right left right left right left right left right
medial area 8 40 53 0.1739 0.207 0.0869

dorsolateral area 8 7 1 0.0267 0.0045 -0.709
lateral area 9 0 0 0 0 0

dorsolateral area 6 58 133 0.2974 0.652 0.3734
medial area 6 17 10 0.0821 0.0498 -0.246
medial area 9 0 0 0 0 0

medial area 10 0 0 0 0 0
dorsal area 9/46 0 0 0 0 0

inferior frontal junction 47 101 0.2108 0.6012 0.4809
area 46 0 0 0 0 0

ventral area 9/46 0 21 0 0.0712 1
ventrolateral area 8 2 2 0.0069 0.0084 0.0971
ventrolateral area 6 48 95 0.2553 0.4974 0.3216

lateral area10 0 0 0 0 0
dorsal area 44 50 112 0.5051 0.9492 0.3054

inferior frontal sulcus 24 72 0.2105 0.7273 0.551
caudal area 45 2 57 0.0247 0.5588 0.9154
rostral area 45 0 13 0 0.114 1

opercular area 44 0 10 0 0.0617 1
ventral area 44 31 43 0.3974 0.5244 0.1377
medial area 14 0 0 0 0 0

orbital area 12/47 4 1 0.028 0.0073 -0.586
lateral area 11 0 9 0 0.0252 1
medial area 11 0 0 0 0 0

area 13 1 1 0.0037 0.0045 0.0953
lateral area 12/47 6 0 0.0339 0 -1

area 4 (head and face region) 41 16 0.1519 0.1006 -0.203
caudal dorsolateral area 6 92 181 0.4842 0.7328 0.2043
area 4 (upper limb region) 3 5 0.0164 0.0267 0.2398

area 4 (trunk region) 6 0 0.0682 0 -1
area 4 (tongue and larynx region) 8 0 0.0552 0 -1

caudal ventrolateral area 6 135 175 0.6193 0.9067 0.1884
area1/2/3 (lower limb region) 24 5 0.2581 0.0382 -0.742

area 4 (lower limb region) 1 0 0.0066 0 -1
medial area 38 0 0 0 0 0

area 41/42 8 4 0.0593 0.0331 -0.284
TE1.0 and TE1.2 0 0 0 0 0
caudal area 22 2 2 0.0114 0.0148 0.1318
lateral area 38 0 6 0 0.0302 1
rostral area 22 0 0 0 0 0
caudal area 21 0 0 0 0 0
rostral area 21 0 1 0 0.0036 1

dorsolateral area 37 77 131 0.4451 0.6065 0.1535
anterior superior temporal sulcus 0 0 0 0 0

intermediate ventral area 20 0 0 0 0 0
extreme lateroventral area 37 2 10 0.0225 0.1389 0.7215

rostral area 20 0 0 0 0 0
intermediate lateral area 20 0 0 0 0 0

ventrolateral area 37 90 90 0.6767 0.8571 0.1176
caudolateral of area 20 7 14 0.0504 0.1228 0.4184
caudoventral of area 20 0 3 0 0.0171 1

rostroventral area 20 42 30 0.1373 0.099 -0.162
medioventral area 37 95 109 0.3493 0.4542 0.1306
lateroventral area 37 15 40 0.0526 0.1563 0.4961

rostral area 35/36 0 0 0 0 0
caudal area 35/36 4 3 0.0909 0.0577 -0.224

area TL (lateral PPHC, post. parahippoc. gyrus) 5 1 0.098 0.0238 -0.609
area 28/34 (EC, entorhinal cortex) 0 0 0 0 0

area TI (temporal agranular insular cortex) 0 0 0 0 0
area TH (medial PPHC) 0 0 0 0 0

rostroposterior superior temporal sulcus 3 24 0.0286 0.2424 0.7891
caudoposterior superior temporal sulcus 37 75 0.3426 0.8721 0.4359

Lat.Lobe
Abs. Size Rel. Size

Lat. Region
Abs. Size Rel. Size

Lat. Subregion
Abs. Size Rel. Size

conjunction of BASE pick & ROBO pick > fixation dot - supplementary to conjunction: all,  (pt. 1)

frontal
lobe

temporal
lobe

superior
frontal gyrus

middle
frontal gyrus

inferior
frontal gyrus

orbital gyrus

precentral gyrus

paracentral lobule

superior
temporal gyrus

middle
temporal gyrus

inferior
temporal gyrus

fusiform gyrus

parahippocampal
gyrus

posterior superior
temporal sulcus

647 1116 0.098 0.1643 0.2526

387 543 0.0928 0.1343 0.1826

122 197 0.075 0.1166 0.2171

97 219 0.0541 0.1223 0.3868

107 307 0.1685 0.4535 0.4582

11 11 0.0091 0.0086 -0.028

285 377 0.2605 0.359 0.159

25 5 0.1025 0.0162 -0.727

10 12 0.009 0.0123 0.1558

77 132 0.0939 0.1262 0.1467

99 117 0.1098 0.1496 0.1537

152 179 0.1761 0.224 0.1197

9 4 0.0353 0.0158 -0.381

40 99 0.1878 0.5351 0.4805
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Table 0-19: Voxel density numbers for the fMRI study’s supplementary areas from conjunction of  
BASE pick & ROBO pick > fixation dot (parietal lobe – cerebellum)  Activation sizes are given as 
absolute values of active voxels for each lobe/main brain region, their constituting smaller regions and 
sub-regions/Brodmann areas as well as in form of a relative number of activated voxels compared to total 
voxels within each level of spatial granularity. Absolute and relative sizes are subdivided into left- and 
right-hemispheric activation, with an additional lateralization index in form of a value ranging from -1 
(only left-hemispheric activation) to 1 (only right-hemispheric activation). 

 
  

left right left right left right left right left right left right
rostral area 7 0 39 0 0.2549 1
caudal area 7 4 0 0.0282 0 -1
lateral area 5 46 118 0.3087 1 0.5282

postcentral area 7 71 123 0.4733 0.8367 0.2774
intraparietal area 7 (hIP3) 1 55 0.0081 0.3819 0.9586

caudal area 39 (PGp) 102 225 0.3208 0.641 0.333
rostrodorsal area 39 (Hip3) 15 35 0.062 0.1228 0.3291
rostrodorsal area 40 (PFt) 263 240 0.8457 0.7571 -0.055

caudal area 40 (PFm) 0 13 0 0.0372 1
rostroventral area 39 (PGa) 47 86 0.1017 0.2145 0.3565
rostroventral area 40 (PFop) 95 46 0.3006 0.1264 -0.408

medial area 7 (PEp) 12 0 0.0745 0 -1
medial area 5 (PEm) 50 68 0.3086 0.3636 0.0818

dorsomedial parietooccipital  sulcus (PEr) 3 2 0.0116 0.0058 -0.329
area 31 (Lc1) 7 4 0.0304 0.0144 -0.358

area 1/2/3 (upper limb, head and face region) 78 36 0.2756 0.1401 -0.326
area 1/2/3 (tongue and larynx region) 31 17 0.1802 0.0929 -0.32

area 2 199 161 0.8884 0.7931 -0.057
area1/2/3 (trunk region) 114 25 0.5507 0.1656 -0.538

hypergranular insula 0 0 0 0 0
ventral agranular insula 0 0 0 0 0
dorsal agranular insula 0 0 0 0 0

ventral dysgranular and granular insula 0 0 0 0 0
dorsal granular insula 11 0 0.1341 0 -1

dorsal dysgranular insula 10 0 0.1075 0 -1
dorsal area 23 0 0 0 0 0

rostroventral area 24 0 0 0 0 0
pregenual area 32 0 0 0 0 0

ventral area 23 0 0 0 0 0
caudodorsal area 24 0 0 0 0 0

caudal area 23 23 0 0.1377 0 -1
subgenual area 32 0 0 0 0 0

caudal lingual gyrus 32 54 0.2222 0.3086 0.1627
rostral cuneus gyrus 6 1 0.0251 0.0043 -0.707
caudal cuneus gyrus 0 4 0 0.0219 1
rostral lingual gyrus 43 57 0.1946 0.2336 0.0912

ventromedial parietooccipital sulcus 0 0 0 0 0
middle occipital gyrus 41 44 0.1715 0.1833 0.0332

area V5/MT+ 98 168 0.4298 0.6971 0.2372
occipital polar cortex 1 1 0.0035 0.0035 0.0018

inferior occipital gyrus 0 15 0 0.0556 1
medial superior occipital gyrus 1 18 0.0055 0.0938 0.8887
lateral superior occipital gyrus 4 25 0.0234 0.1106 0.6509

medial amygdala 0 0 0 0 0
lateral amygdala 0 0 0 0 0

rostral hippocampus 0 0 0 0 0
caudal hippocampus 2 1 0.0119 0.0058 -0.346

ventral caudate 0 0 0 0 0
globus pallidus 13 8 0.1512 0.0879 -0.265

nucleus accumbens 0 5 0 0.041 1
ventromedial putamen 2 0 0.0198 0 -1

dorsal caudate 0 0 0 0 0
dorsolateral putamen 2 0 0.0138 0 -1

medial pre-frontal thalamus 0 0 0 0 0
pre-motor thalamus 8 4 0.1818 0.0645 -0.476

sensory thalamus 15 32 0.3488 0.7273 0.3517
rostral temporal thalamus 0 0 0 0 0
posterior parietal thalamus 11 6 0.141 0.0845 -0.251

occipital thalamus 5 1 0.0847 0.0208 -0.605
caudal temporal thalamus 0 0 0 0 0

lateral pre-frontal thalamus 19 17 0.19 0.2179 0.0685
lobules I-IV of cerebellar hemisphere 1 2 0.0052 0.0106 0.3472

lobule V of cerebellar hemisphere 22 13 0.0991 0.0634 -0.22
lobule VI of cerebellar hemisphere 146 57 0.3061 0.131 -0.401

crus I of cerebellar hemisphere 70 34 0.0987 0.0459 -0.365
crus II of cerebellar hemisphere 10 4 0.0176 0.0076 -0.396

lobule VIIb of cerebellar hemisphere 5 1 0.0201 0.0036 -0.693
lobule VIIIa of cerebellar hemisphere 22 1 0.0884 0.004 -0.913
lobule VIIIb of cerebellar hemisphere 20 11 0.1 0.0498 -0.335

lobule IX of cerebellar hemisphere 27 27 0.1742 0.1385 -0.114
lobule X of cerebellar hemisphere 5 7 0.1429 0.1707 0.0889

hippocampus 2 1 0.0058 0.003

0.0564

cerebellum 328 157 0.1072 0.051 -0.355 cerebellum 328 157 0.1072 0.051 -0.355

thalamus 58 60 0.116 0.1299

0

271 0.1039 0.1864 0.2843

subcortical
nuclei

77 74 0.047 0.0455 -0.016

amygdala 0 0 0 0 0

-0.316

basal ganglia 17 13 0.0235 0.0178 -0.14

0.0747 0.1041 0.1649

lateral
occipital cortex

145

-1 cingulate gyrus 23 0 0.025

occipital
lobe

226 387 0.0911 0.1507 0.2465

medioventral
occipital cortex

81 116

0.025 0

-0.226

insular
lobe

21 0 0.0423 0 -1 insular gyrus 21 0 0.0423 0 -1

postcentral gyrus 422 239 0.4763 0.301

0 -1
limbic
lobe

23

Region
Abs. Size Rel. Size

0.2648 0.312 0.0818

precuneus 72 74 0.0887 0.0797 -0.053

Lat. Subregion
Abs. Size Rel. Size

conjunction of BASE pick & ROBO pick > fixation dot - supplementary to conjunction: all,  (pt. 2)

parietal
lobe

1138 1293 0.2614 0.2868 0.0462

superior
parietal lobule

122 335 0.1784 0.4653 0.4458

inferior
parietal lobule

522 645

Lat.Lobe
Abs. Size Rel. Size

Lat.
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APPENDIX E-2-2-1-3 CONJUNCTION OF PLACE > FIXATION DOT - 

SUPPLEMENTARY TO CONJUNCTION: ALL 

Table 0-20: Voxel density numbers for the fMRI study’s supplementary areas from conjunction of  
BASE place & ROBO place > fixation dot (frontal lobe – temporal lobe)  Activation sizes are given 
as absolute values of active voxels for each lobe/main brain region, their constituting smaller regions 
and sub-regions/Brodmann areas as well as in form of a relative number of activated voxels compared to 
total voxels within each level of spatial granularity. Absolute and relative sizes are subdivided into left- 
and right-hemispheric activation, with an additional lateralization index in form of a value ranging from 
-1 (only left-hemispheric activation) to 1 (only right-hemispheric activation). 

 
  

left right left right left right left right left right left right
medial area 8 65 55 0.2826 0.2148 -0.136

dorsolateral area 8 35 9 0.1336 0.0409 -0.531
lateral area 9 0 0 0 0 0

dorsolateral area 6 63 144 0.3231 0.7059 0.372
medial area 6 36 21 0.1739 0.1045 -0.249
medial area 9 0 0 0 0 0

medial area 10 0 0 0 0 0
dorsal area 9/46 0 0 0 0 0

inferior frontal junction 23 103 0.1031 0.6131 0.712
area 46 0 0 0 0 0

ventral area 9/46 0 12 0 0.0407 1
ventrolateral area 8 14 1 0.0486 0.0042 -0.84
ventrolateral area 6 65 102 0.3457 0.534 0.214

lateral area10 0 0 0 0 0
dorsal area 44 13 107 0.1313 0.9068 0.747

inferior frontal sulcus 3 39 0.0263 0.3939 0.8748
caudal area 45 30 52 0.3704 0.5098 0.1584
rostral area 45 3 36 0.0261 0.3158 0.8474

opercular area 44 19 11 0.1284 0.0679 -0.308
ventral area 44 20 10 0.2564 0.122 -0.355
medial area 14 0 0 0 0 0

orbital area 12/47 35 3 0.2448 0.0219 -0.836
lateral area 11 0 14 0 0.0392 1
medial area 11 0 0 0 0 0

area 13 7 4 0.0259 0.0179 -0.182
lateral area 12/47 74 28 0.4181 0.1728 -0.415

area 4 (head and face region) 38 10 0.1407 0.0629 -0.382
caudal dorsolateral area 6 106 153 0.5579 0.6194 0.0523
area 4 (upper limb region) 15 9 0.082 0.0481 -0.26

area 4 (trunk region) 28 19 0.3182 0.1397 -0.39
area 4 (tongue and larynx region) 0 0 0 0 0

caudal ventrolateral area 6 43 132 0.1972 0.6839 0.5523
area1/2/3 (lower limb region) 58 96 0.6237 0.7328 0.0805

area 4 (lower limb region) 24 28 0.1589 0.1573 -0.005
medial area 38 24 2 0.1121 0.0103 -0.832

area 41/42 26 16 0.1926 0.1322 -0.186
TE1.0 and TE1.2 0 0 0 0 0
caudal area 22 6 14 0.0341 0.1037 0.5052
lateral area 38 6 11 0.0366 0.0553 0.2035
rostral area 22 0 0 0 0 0
caudal area 21 0 10 0 0.05 1
rostral area 21 0 1 0 0.0036 1

dorsolateral area 37 97 154 0.5607 0.713 0.1196
anterior superior temporal sulcus 0 2 0 0.0057 1

intermediate ventral area 20 2 0 0.0208 0 -1
extreme lateroventral area 37 2 10 0.0225 0.1389 0.7215

rostral area 20 0 0 0 0 0
intermediate lateral area 20 0 0 0 0 0

ventrolateral area 37 94 90 0.7068 0.8571 0.0962
caudolateral of area 20 10 24 0.0719 0.2105 0.4906
caudoventral of area 20 2 7 0.0114 0.04 0.5556

rostroventral area 20 38 34 0.1242 0.1122 -0.051
medioventral area 37 89 110 0.3272 0.4583 0.1669
lateroventral area 37 18 43 0.0632 0.168 0.4535

rostral area 35/36 0 0 0 0 0
caudal area 35/36 11 5 0.25 0.0962 -0.444

area TL (lateral PPHC, post. parahippoc. gyrus) 2 0 0.0392 0 -1
area 28/34 (EC, entorhinal cortex) 4 0 0.0816 0 -1

area TI (temporal agranular insular cortex) 1 0 0.0417 0 -1
area TH (medial PPHC) 0 4 0 0.0889 1

rostroposterior superior temporal sulcus 30 44 0.2857 0.4444 0.2174
caudoposterior superior temporal sulcus 90 84 0.8333 0.9767 0.0792

120 128 0.5634 0.6919 0.1024

18 9 0.0706 0.0356 -0.33

145 187 0.168 0.234 0.1642

110 131 0.122 0.1675 0.1574

97 167 0.1183 0.1597 0.1488

62 43 0.0555 0.0439 -0.117

82 124 0.3361 0.4013 0.0885

230 323 0.2102 0.3076 0.188

116 49 0.0961 0.0384 -0.429

88 255 0.1386 0.3767 0.4621

102 218 0.0569 0.1217 0.3632

199 229 0.1224 0.1356 0.0512

1198 0.1238 0.1764 0.1751

552 665 0.1324 0.1644 0.108

conjunction of BASE place & ROBO place > fixation dot - supplementary to conjunction: all,  (pt. 1)
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Table 0-21: Voxel density numbers for the fMRI study’s supplementary areas from conjunction of  
BASE place & ROBO place > fixation dot (parietal lobe – cerebellum)  Activation sizes are given as 
absolute values of active voxels for each lobe/main brain region, their constituting smaller regions and 
sub-regions/Brodmann areas as well as in form of a relative number of activated voxels compared to total 
voxels within each level of spatial granularity. Absolute and relative sizes are subdivided into left- and 
right-hemispheric activation, with an additional lateralization index in form of a value ranging from -1 
(only left-hemispheric activation) to 1 (only right-hemispheric activation). 

 
  

left right left right left right left right left right left right
rostral area 7 0 39 0 0.2549 1
caudal area 7 9 16 0.0634 0.1013 0.2301
lateral area 5 46 118 0.3087 1 0.5282

postcentral area 7 71 131 0.4733 0.8912 0.3062
intraparietal area 7 (hIP3) 0 54 0 0.375 1

caudal area 39 (PGp) 114 281 0.3585 0.8006 0.3814
rostrodorsal area 39 (Hip3) 12 36 0.0496 0.1263 0.4362
rostrodorsal area 40 (PFt) 243 240 0.7814 0.7571 -0.016

caudal area 40 (PFm) 29 30 0.0901 0.086 -0.023
rostroventral area 39 (PGa) 109 137 0.2359 0.3416 0.183
rostroventral area 40 (PFop) 201 155 0.6361 0.4258 -0.198

medial area 7 (PEp) 47 37 0.2919 0.3058 0.0232
medial area 5 (PEm) 68 113 0.4198 0.6043 0.1802

dorsomedial parietooccipital  sulcus (PEr) 18 40 0.0695 0.117 0.2545
area 31 (Lc1) 20 28 0.087 0.1007 0.0733

area 1/2/3 (upper limb, head and face region) 89 45 0.3145 0.1751 -0.285
area 1/2/3 (tongue and larynx region) 11 3 0.064 0.0164 -0.592

area 2 188 170 0.8393 0.8374 -0.001
area1/2/3 (trunk region) 171 86 0.8261 0.5695 -0.184

hypergranular insula 0 0 0 0 0
ventral agranular insula 17 3 0.2537 0.0508 -0.666
dorsal agranular insula 14 2 0.1667 0.029 -0.704

ventral dysgranular and granular insula 0 0 0 0 0
dorsal granular insula 0 0 0 0 0

dorsal dysgranular insula 1 0 0.0108 0 -1
dorsal area 23 0 0 0 0 0

rostroventral area 24 0 2 0 0.025 1
pregenual area 32 0 0 0 0 0

ventral area 23 0 0 0 0 0
caudodorsal area 24 0 0 0 0 0

caudal area 23 49 12 0.2934 0.0764 -0.587
subgenual area 32 0 0 0 0 0

caudal lingual gyrus 46 74 0.3194 0.4229 0.1393
rostral cuneus gyrus 73 81 0.3054 0.3491 0.0668
caudal cuneus gyrus 24 28 0.1244 0.153 0.1033
rostral lingual gyrus 32 62 0.1448 0.2541 0.274

ventromedial parietooccipital sulcus 43 49 0.1493 0.175 0.0792
middle occipital gyrus 41 44 0.1715 0.1833 0.0332

area V5/MT+ 99 168 0.4342 0.6971 0.2324
occipital polar cortex 19 6 0.0664 0.0211 -0.519

inferior occipital gyrus 0 15 0 0.0556 1
medial superior occipital gyrus 41 59 0.2265 0.3073 0.1513
lateral superior occipital gyrus 4 25 0.0234 0.1106 0.6509

medial amygdala 1 5 0.0196 0.0806 0.6088
lateral amygdala 0 1 0 0.025 1

rostral hippocampus 1 5 0.0057 0.0321 0.6959
caudal hippocampus 5 18 0.0298 0.104 0.5552

ventral caudate 3 0 0.0219 0 -1
globus pallidus 34 18 0.3953 0.1978 -0.333

nucleus accumbens 5 22 0.0521 0.1803 0.5518
ventromedial putamen 19 0 0.1881 0 -1

dorsal caudate 0 0 0 0 0
dorsolateral putamen 12 0 0.0828 0 -1

medial pre-frontal thalamus 0 0 0 0 0
pre-motor thalamus 12 1 0.2727 0.0161 -0.888

sensory thalamus 25 31 0.5814 0.7045 0.0958
rostral temporal thalamus 0 0 0 0 0
posterior parietal thalamus 23 14 0.2949 0.1972 -0.199

occipital thalamus 10 7 0.1695 0.1458 -0.075
caudal temporal thalamus 11 2 0.1864 0.0417 -0.635

lateral pre-frontal thalamus 25 18 0.25 0.2308 -0.04
lobules I-IV of cerebellar hemisphere 2 5 0.0103 0.0266 0.4413

lobule V of cerebellar hemisphere 18 15 0.0811 0.0732 -0.051
lobule VI of cerebellar hemisphere 138 88 0.2893 0.2023 -0.177

crus I of cerebellar hemisphere 129 107 0.1819 0.1446 -0.114
crus II of cerebellar hemisphere 37 23 0.065 0.0437 -0.196

lobule VIIb of cerebellar hemisphere 11 4 0.0442 0.0145 -0.505
lobule VIIIa of cerebellar hemisphere 37 6 0.1486 0.024 -0.722
lobule VIIIb of cerebellar hemisphere 22 12 0.11 0.0543 -0.339

lobule IX of cerebellar hemisphere 39 37 0.2516 0.1897 -0.14
lobule X of cerebellar hemisphere 7 10 0.2 0.2439 0.0989

hippocampus 6 23 0.0175 0.0699

-0.146

cerebellum 440 307 0.1438 0.0998 -0.181 cerebellum 440 307 0.1438 0.0998 -0.181

thalamus 106 73 0.212 0.158

14

317 0.1461 0.218 0.1974

subcortical
nuclei

186 142 0.1136 0.0874 -0.13

amygdala 1 6 0.0135 0.0588 0.6264

0.5988

basal ganglia 73 40 0.1011 0.0546 -0.298

0.2009 0.2639 0.1355

lateral
occipital cortex

204

-0.474 cingulate gyrus 49 14 0.0533

occipital
lobe

422 611 0.1701 0.2379 0.1663

medioventral
occipital cortex

218 294

0.0533 0.019

-0.15

insular
lobe

32 5 0.0645 0.0111 -0.706 insular gyrus 32 5 0.0645 0.0111 -0.706

postcentral gyrus 459 304 0.5181 0.3829

0.019 -0.474
limbic
lobe

49

Region
Abs. Size Rel. Size

0.3592 0.4253 0.0842

precuneus 153 218 0.1884 0.2349 0.1098

Lat. Subregion
Abs. Size Rel. Size

conjunction of BASE place & ROBO place > fixation dot - supplementary to conjunction: all,  (pt. 2)
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APPENDIX E-2-2-1-4 CONJUNCTION OF SWITCH > FIXATION DOT 

- SUPPLEMENTARY TO CONJUNCTION: ALL 

Table 0-22: Voxel density numbers for the fMRI study’s supplementary areas from conjunction of  
BASE switch & ROBO switch > fixation dot (frontal lobe – temporal lobe)  Activation sizes are given 
as absolute values of active voxels for each lobe/main brain region, their constituting smaller regions 
and sub-regions/Brodmann areas as well as in form of a relative number of activated voxels compared to 
total voxels within each level of spatial granularity. Absolute and relative sizes are subdivided into left- 
and right-hemispheric activation, with an additional lateralization index in form of a value ranging from 
-1 (only left-hemispheric activation) to 1 (only right-hemispheric activation). 

 
  

left right left right left right left right left right left right
medial area 8 71 39 0.3087 0.1523 -0.339

dorsolateral area 8 0 0 0 0 0
lateral area 9 0 0 0 0 0

dorsolateral area 6 23 8 0.1179 0.0392 -0.501
medial area 6 18 0 0.087 0 -1
medial area 9 0 0 0 0 0

medial area 10 0 0 0 0 0
dorsal area 9/46 0 0 0 0 0

inferior frontal junction 114 58 0.5112 0.3452 -0.194
area 46 0 0 0 0 0

ventral area 9/46 16 19 0.0535 0.0644 0.0924
ventrolateral area 8 0 28 0 0.1181 1
ventrolateral area 6 34 31 0.1809 0.1623 -0.054

lateral area10 0 0 0 0 0
dorsal area 44 45 95 0.4545 0.8051 0.2783

inferior frontal sulcus 30 12 0.2632 0.1212 -0.369
caudal area 45 21 18 0.2593 0.1765 -0.19
rostral area 45 0 0 0 0 0

opercular area 44 27 4 0.1824 0.0247 -0.762
ventral area 44 3 0 0.0385 0 -1
medial area 14 0 0 0 0 0

orbital area 12/47 26 5 0.1818 0.0365 -0.666
lateral area 11 0 0 0 0 0
medial area 11 0 0 0 0 0

area 13 3 7 0.0111 0.0314 0.4771
lateral area 12/47 51 24 0.2881 0.1481 -0.321

area 4 (head and face region) 29 0 0.1074 0 -1
caudal dorsolateral area 6 102 49 0.5368 0.1984 -0.46
area 4 (upper limb region) 3 0 0.0164 0 -1

area 4 (trunk region) 2 0 0.0227 0 -1
area 4 (tongue and larynx region) 0 0 0 0 0

caudal ventrolateral area 6 110 15 0.5046 0.0777 -0.733
area1/2/3 (lower limb region) 1 3 0.0108 0.0229 0.361

area 4 (lower limb region) 0 0 0 0 0
medial area 38 24 3 0.1121 0.0154 -0.759

area 41/42 5 0 0.037 0 -1
TE1.0 and TE1.2 0 0 0 0 0
caudal area 22 19 0 0.108 0 -1
lateral area 38 13 33 0.0793 0.1658 0.3532
rostral area 22 0 9 0 0.0811 1
caudal area 21 2 1 0.0116 0.005 -0.396
rostral area 21 0 0 0 0 0

dorsolateral area 37 40 31 0.2312 0.1435 -0.234
anterior superior temporal sulcus 47 46 0.2026 0.1318 -0.212

intermediate ventral area 20 1 0 0.0104 0 -1
extreme lateroventral area 37 1 2 0.0112 0.0278 0.424

rostral area 20 0 0 0 0 0
intermediate lateral area 20 0 0 0 0 0

ventrolateral area 37 47 23 0.3534 0.219 -0.235
caudolateral of area 20 12 0 0.0863 0 -1
caudoventral of area 20 1 0 0.0057 0 -1

rostroventral area 20 1 0 0.0033 0 -1
medioventral area 37 2 0 0.0074 0 -1
lateroventral area 37 3 9 0.0105 0.0352 0.5392

rostral area 35/36 0 0 0 0 0
caudal area 35/36 2 0 0.0455 0 -1

area TL (lateral PPHC, post. parahippoc. gyrus) 0 0 0 0 0
area 28/34 (EC, entorhinal cortex) 0 0 0 0 0

area TI (temporal agranular insular cortex) 0 0 0 0 0
area TH (medial PPHC) 10 15 0.2857 0.3333 0.0769

rostroposterior superior temporal sulcus 68 12 0.6476 0.1212 -0.685
caudoposterior superior temporal sulcus 47 27 0.4352 0.314 -0.162

115 39 0.5399 0.2108 -0.438

12 15 0.0471 0.0593 0.115

6 9 0.007 0.0113 0.2367

62 25 0.0687 0.032 -0.365

89 78 0.1085 0.0746 -0.186

61 45 0.0546 0.046 -0.086

1 3 0.0041 0.0097 0.4063

246 64 0.2249 0.061 -0.574

80 36 0.0663 0.0282 -0.403

126 129 0.1984 0.1905 -0.02

164 136 0.0914 0.0759 -0.093

112 47 0.0689 0.0278 -0.425

415 0.1105 0.0611 -0.288

345 211 0.0827 0.0522 -0.227

conjunction of BASE switch & ROBO switch > fixation dot - supplementary to conjunction: all,  (pt. 1)
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Table 0-23: Voxel density numbers for the fMRI study’s supplementary areas from conjunction of  
BASE switch & ROBO switch > fixation dot (parietal lobe – cerebellum)  Activation sizes are given 
as absolute values of active voxels for each lobe/main brain region, their constituting smaller regions 
and sub-regions/Brodmann areas as well as in form of a relative number of activated voxels compared to 
total voxels within each level of spatial granularity. Absolute and relative sizes are subdivided into left- 
and right-hemispheric activation, with an additional lateralization index in form of a value ranging from 
-1 (only left-hemispheric activation) to 1 (only right-hemispheric activation). 

 
  

left right left right left right left right left right left right
rostral area 7 0 20 0 0.1307 1
caudal area 7 5 16 0.0352 0.1013 0.484
lateral area 5 47 61 0.3154 0.5169 0.2421

postcentral area 7 45 31 0.3 0.2109 -0.174
intraparietal area 7 (hIP3) 1 42 0.0081 0.2917 0.9462

caudal area 39 (PGp) 0 57 0 0.1624 1
rostrodorsal area 39 (Hip3) 24 21 0.0992 0.0737 -0.148
rostrodorsal area 40 (PFt) 72 3 0.2315 0.0095 -0.922

caudal area 40 (PFm) 1 0 0.0031 0 -1
rostroventral area 39 (PGa) 35 23 0.0758 0.0574 -0.138
rostroventral area 40 (PFop) 20 0 0.0633 0 -1

medial area 7 (PEp) 35 57 0.2174 0.4711 0.3685
medial area 5 (PEm) 0 4 0 0.0214 1

dorsomedial parietooccipital  sulcus (PEr) 41 82 0.1583 0.2398 0.2047
area 31 (Lc1) 8 7 0.0348 0.0252 -0.16

area 1/2/3 (upper limb, head and face region) 7 0 0.0247 0 -1
area 1/2/3 (tongue and larynx region) 0 0 0 0 0

area 2 108 11 0.4821 0.0542 -0.798
area1/2/3 (trunk region) 25 0 0.1208 0 -1

hypergranular insula 0 0 0 0 0
ventral agranular insula 19 7 0.2836 0.1186 -0.41
dorsal agranular insula 6 0 0.0714 0 -1

ventral dysgranular and granular insula 0 0 0 0 0
dorsal granular insula 0 0 0 0 0

dorsal dysgranular insula 0 0 0 0 0
dorsal area 23 0 0 0 0 0

rostroventral area 24 0 0 0 0 0
pregenual area 32 0 0 0 0 0

ventral area 23 15 22 0.1402 0.25 0.2814
caudodorsal area 24 0 0 0 0 0

caudal area 23 0 0 0 0 0
subgenual area 32 0 0 0 0 0

caudal lingual gyrus 57 8 0.3958 0.0457 -0.793
rostral cuneus gyrus 172 181 0.7197 0.7802 0.0403
caudal cuneus gyrus 44 64 0.228 0.3497 0.2107
rostral lingual gyrus 64 61 0.2896 0.25 -0.073

ventromedial parietooccipital sulcus 155 167 0.5382 0.5964 0.0513
middle occipital gyrus 0 0 0 0 0

area V5/MT+ 66 157 0.2895 0.6515 0.3847
occipital polar cortex 19 4 0.0664 0.014 -0.651

inferior occipital gyrus 0 1 0 0.0037 1
medial superior occipital gyrus 119 67 0.6575 0.349 -0.307
lateral superior occipital gyrus 0 0 0 0 0

medial amygdala 0 5 0 0.0806 1
lateral amygdala 0 0 0 0 0

rostral hippocampus 1 6 0.0057 0.0385 0.74
caudal hippocampus 9 17 0.0536 0.0983 0.2944

ventral caudate 4 0 0.0292 0 -1
globus pallidus 7 0 0.0814 0 -1

nucleus accumbens 5 5 0.0521 0.041 -0.119
ventromedial putamen 15 1 0.1485 0.0159 -0.807

dorsal caudate 0 0 0 0 0
dorsolateral putamen 4 0 0.0276 0 -1

medial pre-frontal thalamus 0 0 0 0 0
pre-motor thalamus 4 0 0.0909 0 -1

sensory thalamus 2 3 0.0465 0.0682 0.1889
rostral temporal thalamus 0 0 0 0 0
posterior parietal thalamus 6 2 0.0769 0.0282 -0.464

occipital thalamus 2 0 0.0339 0 -1
caudal temporal thalamus 2 0 0.0339 0 -1

lateral pre-frontal thalamus 2 4 0.02 0.0513 0.4388
lobules I-IV of cerebellar hemisphere 7 12 0.0361 0.0638 0.2777

lobule V of cerebellar hemisphere 0 36 0 0.1756 1
lobule VI of cerebellar hemisphere 37 79 0.0776 0.1816 0.4014

crus I of cerebellar hemisphere 25 48 0.0353 0.0649 0.2957
crus II of cerebellar hemisphere 5 14 0.0088 0.0266 0.5036

lobule VIIb of cerebellar hemisphere 0 0 0 0 0
lobule VIIIa of cerebellar hemisphere 1 0 0.004 0 -1
lobule VIIIb of cerebellar hemisphere 0 0 0 0 0

lobule IX of cerebellar hemisphere 2 0 0.0129 0 -1
lobule X of cerebellar hemisphere 0 0 0 0 0

hippocampus 10 23 0.0292 0.0699

-0.298

cerebellum 77 189 0.0252 0.0614 0.4188 cerebellum 77 189 0.0252 0.0614 0.4188

thalamus 18 9 0.036 0.0195

22

229 0.1461 0.1575 0.0374

subcortical
nuclei

63 43 0.0385 0.0265 -0.185

amygdala 0 5 0 0.049 1

0.4102

basal ganglia 35 6 0.0485 0.0082 -0.711

0.4535 0.4318 -0.025

lateral
occipital cortex

204

0.2936 cingulate gyrus 15 22 0.0163

occipital
lobe

696 710 0.2805 0.2765 -0.007

medioventral
occipital cortex

492 481

0.0163 0.0299

-0.839

insular
lobe

25 7 0.0504 0.0156 -0.528 insular gyrus 25 7 0.0504 0.0156 -0.528

postcentral gyrus 140 11 0.158 0.0139

0.0299 0.2936
limbic
lobe

15

Region
Abs. Size Rel. Size

0.0771 0.0503 -0.21

precuneus 84 150 0.1034 0.1616 0.2195

Lat. Subregion
Abs. Size Rel. Size

conjunction of BASE switch & ROBO switch > fixation dot - supplementary to conjunction: all,  (pt. 2)
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APPENDIX E-2-2-1-5 CONJUNCTION OF CARRY > FIXATION DOT - 

SUPPLEMENTARY TO CONJUNCTION: ALL 

Table 0-24: Voxel density numbers for the fMRI study’s supplementary areas from conjunction of  
BASE carry & ROBO carry > fixation dot (frontal lobe – temporal lobe)  Activation sizes are given 
as absolute values of active voxels for each lobe/main brain region, their constituting smaller regions 
and sub-regions/Brodmann areas as well as in form of a relative number of activated voxels compared to 
total voxels within each level of spatial granularity. Absolute and relative sizes are subdivided into left- 
and right-hemispheric activation, with an additional lateralization index in form of a value ranging from 
-1 (only left-hemispheric activation) to 1 (only right-hemispheric activation). 

 
  

left right left right left right left right left right left right
medial area 8 1 0 0.0043 0 -1

dorsolateral area 8 14 11 0.0534 0.05 -0.033
lateral area 9 0 0 0 0 0

dorsolateral area 6 41 50 0.2103 0.2451 0.0765
medial area 6 22 0 0.1063 0 -1
medial area 9 0 0 0 0 0

medial area 10 0 0 0 0 0
dorsal area 9/46 0 0 0 0 0

inferior frontal junction 28 0 0.1256 0 -1
area 46 0 0 0 0 0

ventral area 9/46 0 3 0 0.0102 1
ventrolateral area 8 12 0 0.0417 0 -1
ventrolateral area 6 19 56 0.1011 0.2932 0.4873

lateral area10 0 0 0 0 0
dorsal area 44 8 1 0.0808 0.0085 -0.81

inferior frontal sulcus 5 9 0.0439 0.0909 0.3491
caudal area 45 0 0 0 0 0
rostral area 45 0 11 0 0.0965 1

opercular area 44 1 0 0.0068 0 -1
ventral area 44 0 0 0 0 0
medial area 14 0 0 0 0 0

orbital area 12/47 15 4 0.1049 0.0292 -0.565
lateral area 11 0 10 0 0.028 1
medial area 11 0 0 0 0 0

area 13 10 7 0.037 0.0314 -0.083
lateral area 12/47 0 0 0 0 0

area 4 (head and face region) 2 0 0.0074 0 -1
caudal dorsolateral area 6 20 15 0.1053 0.0607 -0.268
area 4 (upper limb region) 2 0 0.0109 0 -1

area 4 (trunk region) 8 0 0.0909 0 -1
area 4 (tongue and larynx region) 0 0 0 0 0

caudal ventrolateral area 6 43 0 0.1972 0 -1
area1/2/3 (lower limb region) 67 107 0.7204 0.8168 0.0627

area 4 (lower limb region) 16 2 0.106 0.0112 -0.808
medial area 38 18 1 0.0841 0.0051 -0.885

area 41/42 0 0 0 0 0
TE1.0 and TE1.2 0 0 0 0 0
caudal area 22 0 0 0 0 0
lateral area 38 3 17 0.0183 0.0854 0.6473
rostral area 22 0 1 0 0.009 1
caudal area 21 0 0 0 0 0
rostral area 21 0 4 0 0.0142 1

dorsolateral area 37 0 0 0 0 0
anterior superior temporal sulcus 0 4 0 0.0115 1

intermediate ventral area 20 1 0 0.0104 0 -1
extreme lateroventral area 37 3 6 0.0337 0.0833 0.424

rostral area 20 0 0 0 0 0
intermediate lateral area 20 0 0 0 0 0

ventrolateral area 37 21 5 0.1579 0.0476 -0.537
caudolateral of area 20 13 10 0.0935 0.0877 -0.032
caudoventral of area 20 1 0 0.0057 0 -1

rostroventral area 20 37 46 0.1209 0.1518 0.1133
medioventral area 37 87 114 0.3199 0.475 0.1952
lateroventral area 37 14 32 0.0491 0.125 0.4358

rostral area 35/36 0 0 0 0 0
caudal area 35/36 16 25 0.3636 0.4808 0.1387

area TL (lateral PPHC, post. parahippoc. gyrus) 31 27 0.6078 0.6429 0.028
area 28/34 (EC, entorhinal cortex) 4 0 0.0816 0 -1

area TI (temporal agranular insular cortex) 1 0 0.0417 0 -1
area TH (medial PPHC) 27 41 0.7714 0.9111 0.083

rostroposterior superior temporal sulcus 2 0 0.019 0 -1
caudoposterior superior temporal sulcus 2 0 0.0185 0 -1

4 0 0.0188 0 -1

79 93 0.3098 0.3676 0.0853

138 192 0.1599 0.2403 0.2009

39 21 0.0432 0.0269 -0.234

0 8 0 0.0076 1

21 19 0.0188 0.0194 0.0159

83 109 0.3402 0.3528 0.0182

75 15 0.0686 0.0143 -0.655

25 21 0.0207 0.0164 -0.115

14 21 0.022 0.031 0.1691

59 59 0.0329 0.0329 0.0008

78 61 0.048 0.0361 -0.141

286 0.0506 0.0421 -0.092

281 333 0.0674 0.0823 0.0999

conjunction of BASE carry & ROBO carry > fixation dot - supplementary to conjunction: all,  (pt. 1)
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frontal gyrus
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frontal gyrus
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orbital gyrus
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superior
temporal gyrus

middle
temporal gyrus

inferior
temporal gyrus

fusiform gyrus

parahippocampal
gyrus

posterior superior
temporal sulcus

334

Lat.Lobe
Abs. Size Rel. Size

Lat. Region
Abs. Size Rel. Size

Lat. Subregion
Abs. Size Rel. Size
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Table 0-25: Voxel density numbers for the fMRI study’s supplementary areas from conjunction of  
BASE carry & ROBO carry > fixation dot (parietal lobe – cerebellum)  Activation sizes are given as 
absolute values of active voxels for each lobe/main brain region, their constituting smaller regions and 
sub-regions/Brodmann areas as well as in form of a relative number of activated voxels compared to total 
voxels within each level of spatial granularity. Absolute and relative sizes are subdivided into left- and 
right-hemispheric activation, with an additional lateralization index in form of a value ranging from -1 
(only left-hemispheric activation) to 1 (only right-hemispheric activation). 

 
  

left right left right left right left right left right left right
rostral area 7 0 16 0 0.1046 1
caudal area 7 9 16 0.0634 0.1013 0.2301
lateral area 5 37 0 0.2483 0 -1

postcentral area 7 25 19 0.1667 0.1293 -0.126
intraparietal area 7 (hIP3) 1 13 0.0081 0.0903 0.836

caudal area 39 (PGp) 132 200 0.4151 0.5698 0.1571
rostrodorsal area 39 (Hip3) 25 42 0.1033 0.1474 0.1758
rostrodorsal area 40 (PFt) 36 3 0.1158 0.0095 -0.849

caudal area 40 (PFm) 0 0 0 0 0
rostroventral area 39 (PGa) 45 9 0.0974 0.0224 -0.626
rostroventral area 40 (PFop) 10 0 0.0316 0 -1

medial area 7 (PEp) 74 67 0.4596 0.5537 0.0929
medial area 5 (PEm) 78 126 0.4815 0.6738 0.1665

dorsomedial parietooccipital  sulcus (PEr) 201 313 0.7761 0.9152 0.0823
area 31 (Lc1) 57 134 0.2478 0.482 0.3209

area 1/2/3 (upper limb, head and face region) 0 0 0 0 0
area 1/2/3 (tongue and larynx region) 0 0 0 0 0

area 2 5 0 0.0223 0 -1
area1/2/3 (trunk region) 5 6 0.0242 0.0397 0.2439

hypergranular insula 0 0 0 0 0
ventral agranular insula 12 2 0.1791 0.0339 -0.682
dorsal agranular insula 0 0 0 0 0

ventral dysgranular and granular insula 0 0 0 0 0
dorsal granular insula 0 0 0 0 0

dorsal dysgranular insula 0 0 0 0 0
dorsal area 23 19 28 0.1284 0.2545 0.3295

rostroventral area 24 0 4 0 0.05 1
pregenual area 32 0 0 0 0 0

ventral area 23 99 83 0.9252 0.9432 0.0096
caudodorsal area 24 0 0 0 0 0

caudal area 23 76 29 0.4551 0.1847 -0.423
subgenual area 32 2 0 0.0103 0 -1

caudal lingual gyrus 5 77 0.0347 0.44 0.8537
rostral cuneus gyrus 168 199 0.7029 0.8578 0.0992
caudal cuneus gyrus 43 92 0.2228 0.5027 0.3858
rostral lingual gyrus 131 197 0.5928 0.8074 0.1533

ventromedial parietooccipital sulcus 186 226 0.6458 0.8071 0.111
middle occipital gyrus 41 44 0.1715 0.1833 0.0332

area V5/MT+ 20 8 0.0877 0.0332 -0.451
occipital polar cortex 15 6 0.0524 0.0211 -0.427

inferior occipital gyrus 0 14 0 0.0519 1
medial superior occipital gyrus 70 78 0.3867 0.4063 0.0246
lateral superior occipital gyrus 4 25 0.0234 0.1106 0.6509

medial amygdala 6 3 0.1176 0.0484 -0.417
lateral amygdala 0 0 0 0 0

rostral hippocampus 3 12 0.0172 0.0769 0.6338
caudal hippocampus 51 61 0.3036 0.3526 0.0747

ventral caudate 4 0 0.0292 0 -1
globus pallidus 34 12 0.3953 0.1319 -0.5

nucleus accumbens 7 26 0.0729 0.2131 0.4901
ventromedial putamen 43 0 0.4257 0 -1

dorsal caudate 2 1 0.0127 0.005 -0.44
dorsolateral putamen 4 0 0.0276 0 -1

medial pre-frontal thalamus 0 0 0 0 0
pre-motor thalamus 7 2 0.1591 0.0323 -0.663

sensory thalamus 10 7 0.2326 0.1591 -0.188
rostral temporal thalamus 0 0 0 0 0
posterior parietal thalamus 13 7 0.1667 0.0986 -0.257

occipital thalamus 6 6 0.1017 0.125 0.1028
caudal temporal thalamus 12 3 0.2034 0.0625 -0.53

lateral pre-frontal thalamus 3 6 0.03 0.0769 0.4388
lobules I-IV of cerebellar hemisphere 46 40 0.2371 0.2128 -0.054

lobule V of cerebellar hemisphere 50 56 0.2252 0.2732 0.0962
lobule VI of cerebellar hemisphere 47 39 0.0985 0.0897 -0.047

crus I of cerebellar hemisphere 17 67 0.024 0.0905 0.5812
crus II of cerebellar hemisphere 25 15 0.0439 0.0285 -0.213

lobule VIIb of cerebellar hemisphere 7 3 0.0281 0.0109 -0.441
lobule VIIIa of cerebellar hemisphere 18 3 0.0723 0.012 -0.715
lobule VIIIb of cerebellar hemisphere 20 11 0.1 0.0498 -0.335

lobule IX of cerebellar hemisphere 45 51 0.2903 0.2615 -0.052
lobule X of cerebellar hemisphere 6 9 0.1714 0.2195 0.123

hippocampus 54 73 0.1579 0.2219

-0.206

cerebellum 281 294 0.0919 0.0956 0.0198 cerebellum 281 294 0.0919 0.0956 0.0198

thalamus 51 31 0.102 0.0671

144

175 0.1074 0.1204 0.0567

subcortical
nuclei

205 146 0.1252 0.0898 -0.164

amygdala 6 3 0.0811 0.0294 -0.468

0.1685

basal ganglia 94 39 0.1302 0.0533 -0.419

0.4912 0.7101 0.1821

lateral
occipital cortex

150

-0.043 cingulate gyrus 196 144 0.2133

occipital
lobe

683 966 0.2753 0.3762 0.1548

medioventral
occipital cortex

533 791

0.2133 0.1957

-0.198

insular
lobe

12 2 0.0242 0.0045 -0.689 insular gyrus 12 2 0.0242 0.0045 -0.689

postcentral gyrus 10 6 0.0113 0.0076

0.1957 -0.043
limbic
lobe

196

Region
Abs. Size Rel. Size

0.1258 0.1229 -0.012

precuneus 410 640 0.5049 0.6897 0.1546

Lat. Subregion
Abs. Size Rel. Size

conjunction of BASE carry & ROBO carry > fixation dot - supplementary to conjunction: all,  (pt. 2)

parietal
lobe

740 964 0.17 0.2138 0.1141

superior
parietal lobule

72 64 0.1053 0.0889 -0.084

inferior
parietal lobule

248 254

Lat.Lobe
Abs. Size Rel. Size

Lat.
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APPENDIX E-2-2-1-6 CONJUNCTION OF RETURN > FIXATION DOT 

- SUPPLEMENTARY TO CONJUNCTION: ALL 

Table 0-26: Voxel density numbers for the fMRI study’s supplementary areas from conjunction of  
BASE return & ROBO return > fixation dot (frontal lobe – temporal lobe)  Activation sizes are given 
as absolute values of active voxels for each lobe/main brain region, their constituting smaller regions 
and sub-regions/Brodmann areas as well as in form of a relative number of activated voxels compared to 
total voxels within each level of spatial granularity. Absolute and relative sizes are subdivided into left- 
and right-hemispheric activation, with an additional lateralization index in form of a value ranging from 
-1 (only left-hemispheric activation) to 1 (only right-hemispheric activation). 

 
  

left right left right left right left right left right left right
medial area 8 47 0 0.2043 0 -1

dorsolateral area 8 20 0 0.0763 0 -1
lateral area 9 0 0 0 0 0

dorsolateral area 6 25 0 0.1282 0 -1
medial area 6 2 4 0.0097 0.0199 0.3463
medial area 9 0 0 0 0 0

medial area 10 0 0 0 0 0
dorsal area 9/46 0 0 0 0 0

inferior frontal junction 69 0 0.3094 0 -1
area 46 0 0 0 0 0

ventral area 9/46 2 0 0.0067 0 -1
ventrolateral area 8 11 0 0.0382 0 -1
ventrolateral area 6 48 9 0.2553 0.0471 -0.688

lateral area10 0 0 0 0 0
dorsal area 44 7 0 0.0707 0 -1

inferior frontal sulcus 7 0 0.0614 0 -1
caudal area 45 0 0 0 0 0
rostral area 45 0 0 0 0 0

opercular area 44 2 0 0.0135 0 -1
ventral area 44 0 0 0 0 0
medial area 14 0 0 0 0 0

orbital area 12/47 20 12 0.1399 0.0876 -0.23
lateral area 11 3 14 0.0106 0.0392 0.5756
medial area 11 0 0 0 0 0

area 13 2 1 0.0074 0.0045 -0.246
lateral area 12/47 3 0 0.0169 0 -1

area 4 (head and face region) 41 0 0.1519 0 -1
caudal dorsolateral area 6 49 32 0.2579 0.1296 -0.331
area 4 (upper limb region) 24 0 0.1311 0 -1

area 4 (trunk region) 16 16 0.1818 0.1176 -0.214
area 4 (tongue and larynx region) 0 0 0 0 0

caudal ventrolateral area 6 73 0 0.3349 0 -1
area1/2/3 (lower limb region) 67 103 0.7204 0.7863 0.0437

area 4 (lower limb region) 47 43 0.3113 0.2416 -0.126
medial area 38 12 3 0.0561 0.0154 -0.569

area 41/42 1 0 0.0074 0 -1
TE1.0 and TE1.2 0 0 0 0 0
caudal area 22 0 0 0 0 0
lateral area 38 7 13 0.0427 0.0653 0.2096
rostral area 22 0 0 0 0 0
caudal area 21 0 0 0 0 0
rostral area 21 0 1 0 0.0036 1

dorsolateral area 37 17 2 0.0983 0.0093 -0.828
anterior superior temporal sulcus 0 0 0 0 0

intermediate ventral area 20 2 0 0.0208 0 -1
extreme lateroventral area 37 0 4 0 0.0556 1

rostral area 20 0 0 0 0 0
intermediate lateral area 20 0 0 0 0 0

ventrolateral area 37 36 4 0.2707 0.0381 -0.753
caudolateral of area 20 0 0 0 0 0
caudoventral of area 20 1 1 0.0057 0.0057 0

rostroventral area 20 58 56 0.1895 0.1848 -0.013
medioventral area 37 96 116 0.3529 0.4833 0.1559
lateroventral area 37 22 46 0.0772 0.1797 0.399

rostral area 35/36 0 0 0 0 0
caudal area 35/36 22 12 0.5 0.2308 -0.368

area TL (lateral PPHC, post. parahippoc. gyrus) 39 23 0.7647 0.5476 -0.165
area 28/34 (EC, entorhinal cortex) 10 0 0.2041 0 -1

area TI (temporal agranular insular cortex) 0 0 0 0 0
area TH (medial PPHC) 27 36 0.7714 0.8 0.0182

rostroposterior superior temporal sulcus 16 4 0.1524 0.0404 -0.581
caudoposterior superior temporal sulcus 14 19 0.1296 0.2209 0.2604

30 23 0.1408 0.1243 -0.062

98 71 0.3843 0.2806 -0.156

176 218 0.2039 0.2728 0.1445

39 9 0.0432 0.0115 -0.58

17 3 0.0207 0.0029 -0.757

20 16 0.0179 0.0163 -0.046

114 146 0.4672 0.4725 0.0056

203 48 0.1856 0.0457 -0.605

28 27 0.0232 0.0211 -0.046

16 0 0.0252 0 -1

130 9 0.0725 0.005 -0.87

94 4 0.0578 0.0024 -0.921

234 0.0886 0.0344 -0.44

380 340 0.0911 0.0841 -0.04

conjunction of BASE return & ROBO return > fixation dot - supplementary to conjunction: all,  (pt. 1)
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585
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Table 0-27: Voxel density numbers for the fMRI study’s supplementary areas from conjunction of  
BASE return & ROBO return > fixation dot (parietal lobe – cerebellum)  Activation sizes are given 
as absolute values of active voxels for each lobe/main brain region, their constituting smaller regions 
and sub-regions/Brodmann areas as well as in form of a relative number of activated voxels compared to 
total voxels within each level of spatial granularity. Absolute and relative sizes are subdivided into left- 
and right-hemispheric activation, with an additional lateralization index in form of a value ranging from 
-1 (only left-hemispheric activation) to 1 (only right-hemispheric activation). 

 
  

left right left right left right left right left right left right
rostral area 7 0 16 0 0.1046 1
caudal area 7 9 16 0.0634 0.1013 0.2301
lateral area 5 4 7 0.0268 0.0593 0.3769

postcentral area 7 6 16 0.04 0.1088 0.4625
intraparietal area 7 (hIP3) 1 19 0.0081 0.1319 0.8848

caudal area 39 (PGp) 123 155 0.3868 0.4416 0.0662
rostrodorsal area 39 (Hip3) 7 5 0.0289 0.0175 -0.245
rostrodorsal area 40 (PFt) 1 0 0.0032 0 -1

caudal area 40 (PFm) 0 0 0 0 0
rostroventral area 39 (PGa) 47 24 0.1017 0.0599 -0.259
rostroventral area 40 (PFop) 30 0 0.0949 0 -1

medial area 7 (PEp) 76 56 0.472 0.4628 -0.01
medial area 5 (PEm) 68 107 0.4198 0.5722 0.1537

dorsomedial parietooccipital  sulcus (PEr) 233 267 0.8996 0.7807 -0.071
area 31 (Lc1) 65 75 0.2826 0.2698 -0.023

area 1/2/3 (upper limb, head and face region) 4 0 0.0141 0 -1
area 1/2/3 (tongue and larynx region) 0 0 0 0 0

area 2 0 0 0 0 0
area1/2/3 (trunk region) 21 14 0.1014 0.0927 -0.045

hypergranular insula 0 0 0 0 0
ventral agranular insula 0 0 0 0 0
dorsal agranular insula 0 0 0 0 0

ventral dysgranular and granular insula 0 0 0 0 0
dorsal granular insula 0 0 0 0 0

dorsal dysgranular insula 0 0 0 0 0
dorsal area 23 2 0 0.0135 0 -1

rostroventral area 24 0 3 0 0.0375 1
pregenual area 32 0 0 0 0 0

ventral area 23 76 52 0.7103 0.5909 -0.092
caudodorsal area 24 0 0 0 0 0

caudal area 23 52 14 0.3114 0.0892 -0.555
subgenual area 32 1 0 0.0052 0 -1

caudal lingual gyrus 45 61 0.3125 0.3486 0.0546
rostral cuneus gyrus 127 134 0.5314 0.5776 0.0417
caudal cuneus gyrus 48 76 0.2487 0.4153 0.2509
rostral lingual gyrus 134 112 0.6063 0.459 -0.138

ventromedial parietooccipital sulcus 215 185 0.7465 0.6607 -0.061
middle occipital gyrus 41 44 0.1715 0.1833 0.0332

area V5/MT+ 83 121 0.364 0.5021 0.1594
occipital polar cortex 21 6 0.0734 0.0211 -0.554

inferior occipital gyrus 0 15 0 0.0556 1
medial superior occipital gyrus 90 82 0.4972 0.4271 -0.076
lateral superior occipital gyrus 4 25 0.0234 0.1106 0.6509

medial amygdala 0 4 0 0.0645 1
lateral amygdala 0 3 0 0.075 1

rostral hippocampus 8 6 0.046 0.0385 -0.089
caudal hippocampus 50 50 0.2976 0.289 -0.015

ventral caudate 3 0 0.0219 0 -1
globus pallidus 12 0 0.1395 0 -1

nucleus accumbens 1 11 0.0104 0.0902 0.7929
ventromedial putamen 0 0 0 0 0

dorsal caudate 0 0 0 0 0
dorsolateral putamen 0 0 0 0 0

medial pre-frontal thalamus 0 0 0 0 0
pre-motor thalamus 1 0 0.0227 0 -1

sensory thalamus 6 9 0.1395 0.2045 0.1889
rostral temporal thalamus 0 1 0 0.0147 1
posterior parietal thalamus 12 11 0.1538 0.1549 0.0035

occipital thalamus 9 7 0.1525 0.1458 -0.023
caudal temporal thalamus 8 2 0.1356 0.0417 -0.53

lateral pre-frontal thalamus 1 7 0.01 0.0897 0.7995
lobules I-IV of cerebellar hemisphere 37 40 0.1907 0.2128 0.0546

lobule V of cerebellar hemisphere 80 58 0.3604 0.2829 -0.12
lobule VI of cerebellar hemisphere 115 47 0.2411 0.108 -0.381

crus I of cerebellar hemisphere 12 58 0.0169 0.0784 0.6448
crus II of cerebellar hemisphere 12 21 0.0211 0.0399 0.3087

lobule VIIb of cerebellar hemisphere 5 1 0.0201 0.0036 -0.693
lobule VIIIa of cerebellar hemisphere 18 1 0.0723 0.004 -0.895
lobule VIIIb of cerebellar hemisphere 21 12 0.105 0.0543 -0.318

lobule IX of cerebellar hemisphere 52 59 0.3355 0.3026 -0.052
lobule X of cerebellar hemisphere 7 9 0.2 0.2195 0.0465

hippocampus 58 56 0.1696 0.1702

0.0395

cerebellum 359 306 0.1174 0.0995 -0.083 cerebellum 359 306 0.1174 0.0995 -0.083

thalamus 37 37 0.074 0.0801

69

293 0.1712 0.2015 0.0813

subcortical
nuclei

111 111 0.0678 0.0683 0.004

amygdala 0 7 0 0.0686 1

0.0018

basal ganglia 16 11 0.0222 0.015 -0.192

0.5244 0.5099 -0.014

lateral
occipital cortex

239

-0.207 cingulate gyrus 131 69 0.1425

occipital
lobe

808 861 0.3257 0.3353 0.0145

medioventral
occipital cortex

569 568

0.1425 0.0938

-0.231

insular
lobe

0 0 0 0 0 insular gyrus 0 0 0 0 0

postcentral gyrus 25 14 0.0282 0.0176

0.0938 -0.207
limbic
lobe

131

Region
Abs. Size Rel. Size

0.1055 0.089 -0.085

precuneus 442 505 0.5443 0.5442 -1E-04

Lat. Subregion
Abs. Size Rel. Size

conjunction of BASE return & ROBO return > fixation dot - supplementary to conjunction: all,  (pt. 2)

parietal
lobe

695 777 0.1597 0.1723 0.0381

superior
parietal lobule

20 74 0.0292 0.1028 0.557

inferior
parietal lobule

208 184

Lat.Lobe
Abs. Size Rel. Size

Lat.
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APPENDIX E-2-2-2 LAB SPECIFIC, SUPPLEMENTARY AREAS 

APPENDIX E-2-2-2-1 BASE PICK > FIXATION DOT 

Table 0-28: Voxel density numbers for the fMRI study’s supplementary areas from the contrast of 
BASE pick > fixation dot (frontal lobe – temporal lobe)  Activation sizes are given as absolute values 
of active voxels for each lobe/main brain region, their constituting smaller regions and sub-
regions/Brodmann areas as well as in form of a relative number of activated voxels compared to total 
voxels within each level of spatial granularity. Absolute and relative sizes are subdivided into left- and 
right-hemispheric activation, with an additional lateralization index in form of a value ranging from -1 
(only left-hemispheric activation) to 1 (only right-hemispheric activation). 

 
  

left right left right left right left right left right left right
medial area 8 63 58 0.2739 0.2266 -0.095

dorsolateral area 8 23 9 0.0878 0.0409 -0.364
lateral area 9 0 0 0 0 0

dorsolateral area 6 5 19 0.0256 0.0931 0.5683
medial area 6 60 38 0.2899 0.1891 -0.211
medial area 9 0 0 0 0 0

medial area 10 0 0 0 0 0
dorsal area 9/46 6 0 0.0185 0 -1

inferior frontal junction 57 26 0.2556 0.1548 -0.246
area 46 0 0 0 0 0

ventral area 9/46 27 32 0.0903 0.1085 0.0914
ventrolateral area 8 14 11 0.0486 0.0464 -0.023
ventrolateral area 6 18 15 0.0957 0.0785 -0.099

lateral area10 0 0 0 0 0
dorsal area 44 3 4 0.0303 0.0339 0.056

inferior frontal sulcus 32 9 0.2807 0.0909 -0.511
caudal area 45 15 25 0.1852 0.2451 0.1392
rostral area 45 0 20 0 0.1754 1

opercular area 44 6 4 0.0405 0.0247 -0.243
ventral area 44 31 15 0.3974 0.1829 -0.37
medial area 14 0 0 0 0 0

orbital area 12/47 8 1 0.0559 0.0073 -0.769
lateral area 11 0 8 0 0.0224 1
medial area 11 0 0 0 0 0

area 13 1 0 0.0037 0 -1
lateral area 12/47 50 30 0.2825 0.1852 -0.208

area 4 (head and face region) 8 16 0.0296 0.1006 0.5451
caudal dorsolateral area 6 19 10 0.1 0.0405 -0.424
area 4 (upper limb region) 3 4 0.0164 0.0214 0.1323

area 4 (trunk region) 2 3 0.0227 0.0221 -0.015
area 4 (tongue and larynx region) 5 1 0.0345 0.0078 -0.631

caudal ventrolateral area 6 10 6 0.0459 0.0311 -0.192
area1/2/3 (lower limb region) 14 55 0.1505 0.4198 0.4722

area 4 (lower limb region) 1 0 0.0066 0 -1
medial area 38 18 1 0.0841 0.0051 -0.885

area 41/42 6 1 0.0444 0.0083 -0.686
TE1.0 and TE1.2 0 0 0 0 0
caudal area 22 0 7 0 0.0519 1
lateral area 38 1 1 0.0061 0.005 -0.096
rostral area 22 0 0 0 0 0
caudal area 21 0 7 0 0.035 1
rostral area 21 0 0 0 0 0

dorsolateral area 37 17 35 0.0983 0.162 0.245
anterior superior temporal sulcus 0 3 0 0.0086 1

intermediate ventral area 20 2 0 0.0208 0 -1
extreme lateroventral area 37 0 0 0 0 0

rostral area 20 0 0 0 0 0
intermediate lateral area 20 0 0 0 0 0

ventrolateral area 37 8 0 0.0602 0 -1
caudolateral of area 20 7 6 0.0504 0.0526 0.0221
caudoventral of area 20 1 2 0.0057 0.0114 0.3333

rostroventral area 20 17 7 0.0556 0.0231 -0.413
medioventral area 37 0 3 0 0.0125 1
lateroventral area 37 5 3 0.0175 0.0117 -0.199

rostral area 35/36 2 0 0.0385 0 -1
caudal area 35/36 6 0 0.1364 0 -1

area TL (lateral PPHC, post. parahippoc. gyrus) 4 1 0.0784 0.0238 -0.534
area 28/34 (EC, entorhinal cortex) 0 0 0 0 0

area TI (temporal agranular insular cortex) 1 0 0.0417 0 -1
area TH (medial PPHC) 0 1 0 0.0222 1

rostroposterior superior temporal sulcus 17 18 0.1619 0.1818 0.0579
caudoposterior superior temporal sulcus 43 9 0.3981 0.1047 -0.584

60 27 0.2817 0.1459 -0.317

13 2 0.051 0.0079 -0.732

22 13 0.0255 0.0163 -0.221

18 8 0.02 0.0102 -0.322

17 45 0.0207 0.043 0.3496

25 10 0.0224 0.0102 -0.373

15 55 0.0615 0.178 0.4866

47 40 0.043 0.0381 -0.06

59 39 0.0489 0.0305 -0.231

87 77 0.137 0.1137 -0.093

122 84 0.068 0.0469 -0.184

151 124 0.0929 0.0734 -0.117

419 0.0729 0.0617 -0.083

155 105 0.0372 0.026 -0.178

supplementary areas of BASE pick > fixation dot,  (pt. 1)

frontal
lobe

temporal
lobe

superior
frontal gyrus

middle
frontal gyrus

inferior
frontal gyrus

orbital gyrus

precentral gyrus

paracentral lobule

superior
temporal gyrus

middle
temporal gyrus

inferior
temporal gyrus

fusiform gyrus

parahippocampal
gyrus

posterior superior
temporal sulcus

481

Lat.Lobe
Abs. Size Rel. Size

Lat. Region
Abs. Size Rel. Size

Lat. Subregion
Abs. Size Rel. Size
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Table 0-29: Voxel density numbers for the fMRI study’s supplementary areas from the contrast of 
BASE pick > fixation dot (parietal lobe – cerebellum)  Activation sizes are given as absolute values of 
active voxels for each lobe/main brain region, their constituting smaller regions and sub-
regions/Brodmann areas as well as in form of a relative number of activated voxels compared to total 
voxels within each level of spatial granularity. Absolute and relative sizes are subdivided into left- and 
right-hemispheric activation, with an additional lateralization index in form of a value ranging from -1 
(only left-hemispheric activation) to 1 (only right-hemispheric activation). 

 
  

left right left right left right left right left right left right
rostral area 7 0 0 0 0 0
caudal area 7 2 9 0.0141 0.057 0.6035
lateral area 5 0 0 0 0 0

postcentral area 7 0 7 0 0.0476 1
intraparietal area 7 (hIP3) 0 0 0 0 0

caudal area 39 (PGp) 4 19 0.0126 0.0541 0.6229
rostrodorsal area 39 (Hip3) 25 8 0.1033 0.0281 -0.573
rostrodorsal area 40 (PFt) 21 41 0.0675 0.1293 0.314

caudal area 40 (PFm) 16 21 0.0497 0.0602 0.0954
rostroventral area 39 (PGa) 27 38 0.0584 0.0948 0.2371
rostroventral area 40 (PFop) 79 151 0.25 0.4148 0.2479

medial area 7 (PEp) 9 17 0.0559 0.1405 0.4307
medial area 5 (PEm) 6 36 0.037 0.1925 0.6773

dorsomedial parietooccipital  sulcus (PEr) 10 29 0.0386 0.0848 0.3743
area 31 (Lc1) 0 6 0 0.0216 1

area 1/2/3 (upper limb, head and face region) 19 9 0.0671 0.035 -0.314
area 1/2/3 (tongue and larynx region) 13 10 0.0756 0.0546 -0.161

area 2 0 25 0 0.1232 1
area1/2/3 (trunk region) 23 25 0.1111 0.1656 0.1968

hypergranular insula 0 0 0 0 0
ventral agranular insula 11 5 0.1642 0.0847 -0.319
dorsal agranular insula 18 5 0.2143 0.0725 -0.495

ventral dysgranular and granular insula 0 0 0 0 0
dorsal granular insula 0 0 0 0 0

dorsal dysgranular insula 2 0 0.0215 0 -1
dorsal area 23 0 0 0 0 0

rostroventral area 24 6 5 0.1091 0.0625 -0.272
pregenual area 32 0 0 0 0 0

ventral area 23 0 0 0 0 0
caudodorsal area 24 3 4 0.0263 0.0541 0.3451

caudal area 23 13 1 0.0778 0.0064 -0.849
subgenual area 32 0 0 0 0 0

caudal lingual gyrus 13 21 0.0903 0.12 0.1413
rostral cuneus gyrus 15 8 0.0628 0.0345 -0.291
caudal cuneus gyrus 16 8 0.0829 0.0437 -0.31
rostral lingual gyrus 4 8 0.0181 0.0328 0.2886

ventromedial parietooccipital sulcus 9 6 0.0313 0.0214 -0.186
middle occipital gyrus 0 0 0 0 0

area V5/MT+ 0 0 0 0 0
occipital polar cortex 13 3 0.0455 0.0105 -0.624

inferior occipital gyrus 0 0 0 0 0
medial superior occipital gyrus 19 19 0.105 0.099 -0.03
lateral superior occipital gyrus 0 0 0 0 0

medial amygdala 0 0 0 0 0
lateral amygdala 0 0 0 0 0

rostral hippocampus 1 0 0.0057 0 -1
caudal hippocampus 0 6 0 0.0347 1

ventral caudate 0 0 0 0 0
globus pallidus 20 26 0.2326 0.2857 0.1026

nucleus accumbens 1 0 0.0104 0 -1
ventromedial putamen 6 1 0.0594 0.0159 -0.578

dorsal caudate 0 0 0 0 0
dorsolateral putamen 0 0 0 0 0

medial pre-frontal thalamus 0 0 0 0 0
pre-motor thalamus 0 11 0 0.1774 1

sensory thalamus 5 3 0.1163 0.0682 -0.261
rostral temporal thalamus 0 0 0 0 0
posterior parietal thalamus 6 6 0.0769 0.0845 0.047

occipital thalamus 2 3 0.0339 0.0625 0.2967
caudal temporal thalamus 2 1 0.0339 0.0208 -0.239

lateral pre-frontal thalamus 14 11 0.14 0.141 0.0036
lobules I-IV of cerebellar hemisphere 1 0 0.0052 0 -1

lobule V of cerebellar hemisphere 0 7 0 0.0341 1
lobule VI of cerebellar hemisphere 18 29 0.0377 0.0667 0.2771

crus I of cerebellar hemisphere 48 45 0.0677 0.0608 -0.054
crus II of cerebellar hemisphere 30 12 0.0527 0.0228 -0.396

lobule VIIb of cerebellar hemisphere 5 1 0.0201 0.0036 -0.693
lobule VIIIa of cerebellar hemisphere 12 2 0.0482 0.008 -0.715
lobule VIIIb of cerebellar hemisphere 0 0 0 0 0

lobule IX of cerebellar hemisphere 8 1 0.0516 0.0051 -0.819
lobule X of cerebellar hemisphere 2 2 0.0571 0.0488 -0.079

hippocampus 1 6 0.0029 0.0182

0.1328

cerebellum 124 99 0.0405 0.0322 -0.115 cerebellum 124 99 0.0405 0.0322 -0.115

thalamus 29 35 0.058 0.0758

10

22 0.0229 0.0151 -0.205

subcortical
nuclei

57 68 0.0348 0.0418 0.092

amygdala 0 0 0 0 0

0.7236

basal ganglia 27 27 0.0374 0.0369 -0.007

0.0525 0.0458 -0.069

lateral
occipital cortex

32

-0.276 cingulate gyrus 22 10 0.0239

occipital
lobe

89 73 0.0359 0.0284 -0.116

medioventral
occipital cortex

57 51

0.0239 0.0136

0.1666

insular
lobe

31 10 0.0625 0.0223 -0.475 insular gyrus 31 10 0.0625 0.0223 -0.475

postcentral gyrus 55 69 0.0621 0.0869

0.0136 -0.276
limbic
lobe

22

Region
Abs. Size Rel. Size

0.0873 0.1345 0.213

precuneus 25 88 0.0308 0.0948 0.5098

Lat. Subregion
Abs. Size Rel. Size

supplementary areas of BASE pick > fixation dot,  (pt. 2)

parietal
lobe

254 451 0.0584 0.1 0.2631

superior
parietal lobule

2 16 0.0029 0.0222 0.7674

inferior
parietal lobule

172 278

Lat.Lobe
Abs. Size Rel. Size

Lat.
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APPENDIX E-2-2-2-2 ROBO PICK > FIXATION DOT 

Table 0-30: Voxel density numbers for the fMRI study’s supplementary areas from the contrast of 
ROBO pick > fixation dot (frontal lobe – temporal lobe)  Activation sizes are given as absolute values 
of active voxels for each lobe/main brain region, their constituting smaller regions and sub-
regions/Brodmann areas as well as in form of a relative number of activated voxels compared to total 
voxels within each level of spatial granularity. Absolute and relative sizes are subdivided into left- and 
right-hemispheric activation, with an additional lateralization index in form of a value ranging from -1 
(only left-hemispheric activation) to 1 (only right-hemispheric activation). 

 
  

left right left right left right left right left right left right
medial area 8 0 1 0 0.0039 1

dorsolateral area 8 0 0 0 0 0
lateral area 9 0 0 0 0 0

dorsolateral area 6 0 1 0 0.0049 1
medial area 6 0 0 0 0 0
medial area 9 0 0 0 0 0

medial area 10 0 0 0 0 0
dorsal area 9/46 0 0 0 0 0

inferior frontal junction 0 0 0 0 0
area 46 0 0 0 0 0

ventral area 9/46 0 0 0 0 0
ventrolateral area 8 0 0 0 0 0
ventrolateral area 6 0 0 0 0 0

lateral area10 0 0 0 0 0
dorsal area 44 0 0 0 0 0

inferior frontal sulcus 0 0 0 0 0
caudal area 45 0 0 0 0 0
rostral area 45 0 0 0 0 0

opercular area 44 0 0 0 0 0
ventral area 44 0 0 0 0 0
medial area 14 0 0 0 0 0

orbital area 12/47 0 0 0 0 0
lateral area 11 0 5 0 0.014 1
medial area 11 0 0 0 0 0

area 13 4 2 0.0148 0.009 -0.246
lateral area 12/47 0 0 0 0 0

area 4 (head and face region) 17 14 0.063 0.0881 0.1661
caudal dorsolateral area 6 0 0 0 0 0
area 4 (upper limb region) 0 1 0 0.0053 1

area 4 (trunk region) 0 0 0 0 0
area 4 (tongue and larynx region) 0 0 0 0 0

caudal ventrolateral area 6 0 0 0 0 0
area1/2/3 (lower limb region) 0 0 0 0 0

area 4 (lower limb region) 0 0 0 0 0
medial area 38 0 1 0 0.0051 1

area 41/42 0 0 0 0 0
TE1.0 and TE1.2 0 0 0 0 0
caudal area 22 0 0 0 0 0
lateral area 38 0 4 0 0.0201 1
rostral area 22 0 0 0 0 0
caudal area 21 0 0 0 0 0
rostral area 21 0 1 0 0.0036 1

dorsolateral area 37 0 0 0 0 0
anterior superior temporal sulcus 0 0 0 0 0

intermediate ventral area 20 0 0 0 0 0
extreme lateroventral area 37 0 0 0 0 0

rostral area 20 0 0 0 0 0
intermediate lateral area 20 0 0 0 0 0

ventrolateral area 37 0 0 0 0 0
caudolateral of area 20 0 0 0 0 0
caudoventral of area 20 0 0 0 0 0

rostroventral area 20 1 2 0.0033 0.0066 0.3377
medioventral area 37 0 0 0 0 0
lateroventral area 37 0 0 0 0 0

rostral area 35/36 0 0 0 0 0
caudal area 35/36 0 4 0 0.0769 1

area TL (lateral PPHC, post. parahippoc. gyrus) 11 0 0.2157 0 -1
area 28/34 (EC, entorhinal cortex) 0 0 0 0 0

area TI (temporal agranular insular cortex) 0 0 0 0 0
area TH (medial PPHC) 0 0 0 0 0

rostroposterior superior temporal sulcus 0 0 0 0 0
caudoposterior superior temporal sulcus 0 0 0 0 0

0 0 0 0 0

11 4 0.0431 0.0158 -0.464

1 2 0.0012 0.0025 0.3671

0 0 0 0 0

0 1 0 0.001 1

0 5 0 0.0051 1

0 0 0 0 0

17 15 0.0155 0.0143 -0.042

4 7 0.0033 0.0055 0.2464

0 0 0 0 0

0 0 0 0 0

0 2 0 0.0012 1

24 0.0032 0.0035 0.0523

12 12 0.0029 0.003 0.0153

supplementary areas of ROBO pick > fixation dot,  (pt. 1)

frontal
lobe

temporal
lobe

superior
frontal gyrus

middle
frontal gyrus

inferior
frontal gyrus

orbital gyrus

precentral gyrus

paracentral lobule

superior
temporal gyrus

middle
temporal gyrus

inferior
temporal gyrus

fusiform gyrus

parahippocampal
gyrus

posterior superior
temporal sulcus

21

Lat.Lobe
Abs. Size Rel. Size

Lat. Region
Abs. Size Rel. Size

Lat. Subregion
Abs. Size Rel. Size
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Table 0-31: Voxel density numbers for the fMRI study’s supplementary areas from the contrast of 
ROBO pick > fixation dot (parietal lobe – cerebellum)  Activation sizes are given as absolute values 
of active voxels for each lobe/main brain region, their constituting smaller regions and sub-
regions/Brodmann areas as well as in form of a relative number of activated voxels compared to total 
voxels within each level of spatial granularity. Absolute and relative sizes are subdivided into left- and 
right-hemispheric activation, with an additional lateralization index in form of a value ranging from -1 
(only left-hemispheric activation) to 1 (only right-hemispheric activation). 

 
  

left right left right left right left right left right left right
rostral area 7 0 0 0 0 0
caudal area 7 0 0 0 0 0
lateral area 5 0 0 0 0 0

postcentral area 7 0 0 0 0 0
intraparietal area 7 (hIP3) 0 0 0 0 0

caudal area 39 (PGp) 0 0 0 0 0
rostrodorsal area 39 (Hip3) 1 1 0.0041 0.0035 -0.082
rostrodorsal area 40 (PFt) 0 0 0 0 0

caudal area 40 (PFm) 0 0 0 0 0
rostroventral area 39 (PGa) 0 0 0 0 0
rostroventral area 40 (PFop) 1 0 0.0032 0 -1

medial area 7 (PEp) 5 2 0.0311 0.0165 -0.305
medial area 5 (PEm) 2 0 0.0123 0 -1

dorsomedial parietooccipital  sulcus (PEr) 0 0 0 0 0
area 31 (Lc1) 3 3 0.013 0.0108 -0.095

area 1/2/3 (upper limb, head and face region) 12 10 0.0424 0.0389 -0.043
area 1/2/3 (tongue and larynx region) 0 0 0 0 0

area 2 0 0 0 0 0
area1/2/3 (trunk region) 0 0 0 0 0

hypergranular insula 0 0 0 0 0
ventral agranular insula 0 2 0 0.0339 1
dorsal agranular insula 0 0 0 0 0

ventral dysgranular and granular insula 0 0 0 0 0
dorsal granular insula 8 0 0.0976 0 -1

dorsal dysgranular insula 0 0 0 0 0
dorsal area 23 0 0 0 0 0

rostroventral area 24 0 1 0 0.0125 1
pregenual area 32 0 0 0 0 0

ventral area 23 0 0 0 0 0
caudodorsal area 24 0 0 0 0 0

caudal area 23 0 0 0 0 0
subgenual area 32 0 0 0 0 0

caudal lingual gyrus 0 0 0 0 0
rostral cuneus gyrus 4 13 0.0167 0.056 0.54
caudal cuneus gyrus 0 3 0 0.0164 1
rostral lingual gyrus 5 0 0.0226 0 -1

ventromedial parietooccipital sulcus 1 4 0.0035 0.0143 0.6089
middle occipital gyrus 0 0 0 0 0

area V5/MT+ 0 0 0 0 0
occipital polar cortex 0 0 0 0 0

inferior occipital gyrus 0 0 0 0 0
medial superior occipital gyrus 0 0 0 0 0
lateral superior occipital gyrus 0 0 0 0 0

medial amygdala 0 1 0 0.0161 1
lateral amygdala 0 0 0 0 0

rostral hippocampus 0 0 0 0 0
caudal hippocampus 5 0 0.0298 0 -1

ventral caudate 0 0 0 0 0
globus pallidus 0 0 0 0 0

nucleus accumbens 4 10 0.0417 0.082 0.326
ventromedial putamen 0 0 0 0 0

dorsal caudate 0 0 0 0 0
dorsolateral putamen 2 0 0.0138 0 -1

medial pre-frontal thalamus 0 0 0 0 0
pre-motor thalamus 2 0 0.0455 0 -1

sensory thalamus 0 0 0 0 0
rostral temporal thalamus 0 0 0 0 0
posterior parietal thalamus 0 0 0 0 0

occipital thalamus 1 0 0.0169 0 -1
caudal temporal thalamus 0 0 0 0 0

lateral pre-frontal thalamus 7 0 0.07 0 -1
lobules I-IV of cerebellar hemisphere 1 0 0.0052 0 -1

lobule V of cerebellar hemisphere 11 1 0.0495 0.0049 -0.821
lobule VI of cerebellar hemisphere 1 0 0.0021 0 -1

crus I of cerebellar hemisphere 0 0 0 0 0
crus II of cerebellar hemisphere 0 0 0 0 0

lobule VIIb of cerebellar hemisphere 0 0 0 0 0
lobule VIIIa of cerebellar hemisphere 0 0 0 0 0
lobule VIIIb of cerebellar hemisphere 0 0 0 0 0

lobule IX of cerebellar hemisphere 5 8 0.0323 0.041 0.1196
lobule X of cerebellar hemisphere 0 0 0 0 0

hippocampus 5 0 0.0146 0

-1

cerebellum 18 9 0.0059 0.0029 -0.336 cerebellum 18 9 0.0059 0.0029 -0.336

thalamus 10 0 0.02 0

1

0 0 0 0

subcortical
nuclei

21 11 0.0128 0.0068 -0.309

amygdala 0 1 0 0.0098 1

-1

basal ganglia 6 10 0.0083 0.0137 0.2435

0.0092 0.018 0.3216

lateral
occipital cortex

0

1 cingulate gyrus 0 1 0

occipital
lobe

10 20 0.004 0.0078 0.3179

medioventral
occipital cortex

10 20

0 0.0014

-0.036

insular
lobe

8 2 0.0161 0.0045 -0.567 insular gyrus 8 2 0.0161 0.0045 -0.567

postcentral gyrus 12 10 0.0135 0.0126

0.0014 1
limbic
lobe

0

Region
Abs. Size Rel. Size

0.001 0.0005 -0.354

precuneus 10 5 0.0123 0.0054 -0.391

Lat. Subregion
Abs. Size Rel. Size

supplementary areas of ROBO pick > fixation dot,  (pt. 2)

parietal
lobe

24 16 0.0055 0.0035 -0.217

superior
parietal lobule

0 0 0 0 0

inferior
parietal lobule

2 1

Lat.Lobe
Abs. Size Rel. Size

Lat.
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APPENDIX E-2-2-2-3 BASE PLACE > FIXATION DOT 

Table 0-32: Voxel density numbers for the fMRI study’s supplementary areas from the contrast of 
BASE place > fixation dot (frontal lobe – temporal lobe)  Activation sizes are given as absolute values 
of active voxels for each lobe/main brain region, their constituting smaller regions and sub-
regions/Brodmann areas as well as in form of a relative number of activated voxels compared to total 
voxels within each level of spatial granularity. Absolute and relative sizes are subdivided into left- and 
right-hemispheric activation, with an additional lateralization index in form of a value ranging from -1 
(only left-hemispheric activation) to 1 (only right-hemispheric activation). 

 
  

left right left right left right left right left right left right
medial area 8 33 23 0.1435 0.0898 -0.23

dorsolateral area 8 1 8 0.0038 0.0364 0.81
lateral area 9 0 0 0 0 0

dorsolateral area 6 0 7 0 0.0343 1
medial area 6 67 13 0.3237 0.0647 -0.667
medial area 9 0 0 0 0 0

medial area 10 0 0 0 0 0
dorsal area 9/46 8 0 0.0247 0 -1

inferior frontal junction 81 13 0.3632 0.0774 -0.649
area 46 0 0 0 0 0

ventral area 9/46 35 38 0.1171 0.1288 0.0478
ventrolateral area 8 11 16 0.0382 0.0675 0.2773
ventrolateral area 6 3 16 0.016 0.0838 0.68

lateral area10 0 0 0 0 0
dorsal area 44 40 10 0.404 0.0847 -0.653

inferior frontal sulcus 25 37 0.2193 0.3737 0.2604
caudal area 45 15 31 0.1852 0.3039 0.2428
rostral area 45 0 7 0 0.0614 1

opercular area 44 6 0 0.0405 0 -1
ventral area 44 48 46 0.6154 0.561 -0.046
medial area 14 0 0 0 0 0

orbital area 12/47 0 0 0 0 0
lateral area 11 0 0 0 0 0
medial area 11 0 0 0 0 0

area 13 0 0 0 0 0
lateral area 12/47 0 1 0 0.0062 1

area 4 (head and face region) 20 25 0.0741 0.1572 0.3595
caudal dorsolateral area 6 7 40 0.0368 0.1619 0.6293
area 4 (upper limb region) 0 0 0 0 0

area 4 (trunk region) 8 1 0.0909 0.0074 -0.85
area 4 (tongue and larynx region) 2 0 0.0138 0 -1

caudal ventrolateral area 6 95 44 0.4358 0.228 -0.313
area1/2/3 (lower limb region) 0 5 0 0.0382 1

area 4 (lower limb region) 0 0 0 0 0
medial area 38 3 0 0.014 0 -1

area 41/42 0 0 0 0 0
TE1.0 and TE1.2 0 0 0 0 0
caudal area 22 0 0 0 0 0
lateral area 38 0 0 0 0 0
rostral area 22 0 0 0 0 0
caudal area 21 0 1 0 0.005 1
rostral area 21 0 0 0 0 0

dorsolateral area 37 2 11 0.0116 0.0509 0.63
anterior superior temporal sulcus 0 0 0 0 0

intermediate ventral area 20 0 0 0 0 0
extreme lateroventral area 37 0 0 0 0 0

rostral area 20 0 4 0 0.0336 1
intermediate lateral area 20 0 0 0 0 0

ventrolateral area 37 6 0 0.0451 0 -1
caudolateral of area 20 5 3 0.036 0.0263 -0.155
caudoventral of area 20 0 0 0 0 0

rostroventral area 20 10 8 0.0327 0.0264 -0.106
medioventral area 37 0 0 0 0 0
lateroventral area 37 0 0 0 0 0

rostral area 35/36 0 0 0 0 0
caudal area 35/36 1 0 0.0227 0 -1

area TL (lateral PPHC, post. parahippoc. gyrus) 0 0 0 0 0
area 28/34 (EC, entorhinal cortex) 0 0 0 0 0

area TI (temporal agranular insular cortex) 0 0 0 0 0
area TH (medial PPHC) 0 0 0 0 0

rostroposterior superior temporal sulcus 0 0 0 0 0
caudoposterior superior temporal sulcus 3 0 0.0278 0 -1

Lat.Lobe
Abs. Size Rel. Size

Lat. Region
Abs. Size Rel. Size

Lat. Subregion
Abs. Size Rel. Size

supplementary areas of BASE place > fixation dot,  (pt. 1)

frontal
lobe

temporal
lobe

superior
frontal gyrus

middle
frontal gyrus

inferior
frontal gyrus

orbital gyrus

precentral gyrus

paracentral lobule

superior
temporal gyrus

middle
temporal gyrus

inferior
temporal gyrus

fusiform gyrus

parahippocampal
gyrus

posterior superior
temporal sulcus

505 381 0.0765 0.0561 -0.154

30 27 0.0072 0.0067 -0.037

101 51 0.0621 0.0302 -0.346

138 83 0.0769 0.0463 -0.248

134 131 0.211 0.1935 -0.043

0 1 0 0.0008 1

132 110 0.1207 0.1048 -0.071

0 5 0 0.0162 1

3 0 0.0027 0 -1

2 12 0.0024 0.0115 0.6493

11 7 0.0122 0.009 -0.153

10 8 0.0116 0.01 -0.073

1 0 0.0039 0 -1

3 0 0.0141 0 -1
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Table 0-33: Voxel density numbers for the fMRI study’s supplementary areas from the contrast of 
BASE place > fixation dot (parietal lobe – cerebellum)  Activation sizes are given as absolute values 
of active voxels for each lobe/main brain region, their constituting smaller regions and sub-
regions/Brodmann areas as well as in form of a relative number of activated voxels compared to total 
voxels within each level of spatial granularity. Absolute and relative sizes are subdivided into left- and 
right-hemispheric activation, with an additional lateralization index in form of a value ranging from -1 
(only left-hemispheric activation) to 1 (only right-hemispheric activation). 

 
  

left right left right left right left right left right left right
rostral area 7 0 0 0 0 0
caudal area 7 0 0 0 0 0
lateral area 5 1 0 0.0067 0 -1

postcentral area 7 0 0 0 0 0
intraparietal area 7 (hIP3) 1 1 0.0081 0.0069 -0.075

caudal area 39 (PGp) 4 1 0.0126 0.0028 -0.631
rostrodorsal area 39 (Hip3) 37 16 0.1529 0.0561 -0.463
rostrodorsal area 40 (PFt) 44 48 0.1415 0.1514 0.0339

caudal area 40 (PFm) 15 21 0.0466 0.0602 0.1273
rostroventral area 39 (PGa) 1 3 0.0022 0.0075 0.5512
rostroventral area 40 (PFop) 17 63 0.0538 0.1731 0.5258

medial area 7 (PEp) 0 0 0 0 0
medial area 5 (PEm) 0 0 0 0 0

dorsomedial parietooccipital  sulcus (PEr) 0 0 0 0 0
area 31 (Lc1) 0 0 0 0 0

area 1/2/3 (upper limb, head and face region) 7 2 0.0247 0.0078 -0.521
area 1/2/3 (tongue and larynx region) 26 14 0.1512 0.0765 -0.328

area 2 11 11 0.0491 0.0542 0.0492
area1/2/3 (trunk region) 0 0 0 0 0

hypergranular insula 0 0 0 0 0
ventral agranular insula 0 2 0 0.0339 1
dorsal agranular insula 5 2 0.0595 0.029 -0.345

ventral dysgranular and granular insula 0 0 0 0 0
dorsal granular insula 1 0 0.0122 0 -1

dorsal dysgranular insula 0 0 0 0 0
dorsal area 23 0 0 0 0 0

rostroventral area 24 0 0 0 0 0
pregenual area 32 0 0 0 0 0

ventral area 23 0 0 0 0 0
caudodorsal area 24 0 0 0 0 0

caudal area 23 0 1 0 0.0064 1
subgenual area 32 0 0 0 0 0

caudal lingual gyrus 0 0 0 0 0
rostral cuneus gyrus 0 0 0 0 0
caudal cuneus gyrus 0 0 0 0 0
rostral lingual gyrus 0 0 0 0 0

ventromedial parietooccipital sulcus 0 0 0 0 0
middle occipital gyrus 0 0 0 0 0

area V5/MT+ 0 0 0 0 0
occipital polar cortex 0 0 0 0 0

inferior occipital gyrus 0 0 0 0 0
medial superior occipital gyrus 0 0 0 0 0
lateral superior occipital gyrus 0 0 0 0 0

medial amygdala 0 0 0 0 0
lateral amygdala 0 0 0 0 0

rostral hippocampus 0 0 0 0 0
caudal hippocampus 0 0 0 0 0

ventral caudate 0 1 0 0.0097 1
globus pallidus 23 30 0.2674 0.3297 0.1042

nucleus accumbens 0 0 0 0 0
ventromedial putamen 10 18 0.099 0.2857 0.4853

dorsal caudate 0 0 0 0 0
dorsolateral putamen 2 0 0.0138 0 -1

medial pre-frontal thalamus 0 0 0 0 0
pre-motor thalamus 3 4 0.0682 0.0645 -0.028

sensory thalamus 0 3 0 0.0682 1
rostral temporal thalamus 0 0 0 0 0
posterior parietal thalamus 0 0 0 0 0

occipital thalamus 0 0 0 0 0
caudal temporal thalamus 0 0 0 0 0

lateral pre-frontal thalamus 12 3 0.12 0.0385 -0.515
lobules I-IV of cerebellar hemisphere 1 0 0.0052 0 -1

lobule V of cerebellar hemisphere 0 4 0 0.0195 1
lobule VI of cerebellar hemisphere 15 5 0.0314 0.0115 -0.465

crus I of cerebellar hemisphere 6 1 0.0085 0.0014 -0.725
crus II of cerebellar hemisphere 1 0 0.0018 0 -1

lobule VIIb of cerebellar hemisphere 1 0 0.004 0 -1
lobule VIIIa of cerebellar hemisphere 3 0 0.012 0 -1
lobule VIIIb of cerebellar hemisphere 0 0 0 0 0

lobule IX of cerebellar hemisphere 1 2 0.0065 0.0103 0.2277
lobule X of cerebellar hemisphere 0 0 0 0 0

Subregion
Abs. Size Rel. Size

supplementary areas of BASE place > fixation dot,  (pt. 2)

parietal
lobe

164 180 0.0377 0.0399 0.0289

superior
parietal lobule

2 1 0.0029 0.0014 -0.356

inferior
parietal lobule

118 152

Lat.Lobe
Abs. Size Rel. Size

Lat. Region
Abs. Size Rel. Size

0.0599 0.0735 0.1025

precuneus 0 0 0 0 0

Lat.

0 0.0014

-0.187

insular
lobe

6 4 0.0121 0.0089 -0.152 insular gyrus 6 4 0.0121 0.0089 -0.152

postcentral gyrus 44 27 0.0497 0.034

0.0014 1
limbic
lobe

0

occipital
lobe

0 0 0 0 0

medioventral
occipital cortex

0 0 0 0 0

lateral
occipital cortex

0

1 cingulate gyrus 0 1 01

0 0 0 0

subcortical
nuclei

50 59 0.0305 0.0363 0.0865

amygdala 0 0 0 0 0

0

basal ganglia 35 49 0.0485 0.0669 0.16

hippocampus 0 0 0 0

-0.162

cerebellum 28 12 0.0092 0.0039 -0.402 cerebellum 28 12 0.0092 0.0039 -0.402

thalamus 15 10 0.03 0.0216
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APPENDIX E-2-2-2-4 ROBO PLACE > FIXATION DOT 

Table 0-34: Voxel density numbers for the fMRI study’s supplementary areas from the contrast of 
ROBO place > fixation dot (frontal lobe – temporal lobe)  Activation sizes are given as absolute values 
of active voxels for each lobe/main brain region, their constituting smaller regions and sub-
regions/Brodmann areas as well as in form of a relative number of activated voxels compared to total 
voxels within each level of spatial granularity. Absolute and relative sizes are subdivided into left- and 
right-hemispheric activation, with an additional lateralization index in form of a value ranging from -1 
(only left-hemispheric activation) to 1 (only right-hemispheric activation). 

 
  

left right left right left right left right left right left right
medial area 8 27 27 0.1174 0.1055 -0.054

dorsolateral area 8 45 1 0.1718 0.0045 -0.948
lateral area 9 17 0 0.0759 0 -1

dorsolateral area 6 0 6 0 0.0294 1
medial area 6 1 10 0.0048 0.0498 0.823
medial area 9 0 0 0 0 0

medial area 10 19 0 0.0635 0 -1
dorsal area 9/46 0 0 0 0 0

inferior frontal junction 0 8 0 0.0476 1
area 46 0 0 0 0 0

ventral area 9/46 0 0 0 0 0
ventrolateral area 8 0 1 0 0.0042 1
ventrolateral area 6 0 0 0 0 0

lateral area10 0 0 0 0 0
dorsal area 44 0 1 0 0.0085 1

inferior frontal sulcus 0 0 0 0 0
caudal area 45 18 0 0.2222 0 -1
rostral area 45 4 20 0.0348 0.1754 0.6691

opercular area 44 11 28 0.0743 0.1728 0.3986
ventral area 44 2 0 0.0256 0 -1
medial area 14 1 2 0.0065 0.0107 0.2414

orbital area 12/47 25 31 0.1748 0.2263 0.1283
lateral area 11 7 41 0.0246 0.1148 0.6466
medial area 11 5 12 0.0278 0.0569 0.3437

area 13 5 3 0.0185 0.0135 -0.158
lateral area 12/47 22 39 0.1243 0.2407 0.319

area 4 (head and face region) 63 37 0.2333 0.2327 -0.001
caudal dorsolateral area 6 0 6 0 0.0243 1
area 4 (upper limb region) 54 8 0.2951 0.0428 -0.747

area 4 (trunk region) 18 33 0.2045 0.2426 0.0852
area 4 (tongue and larynx region) 2 0 0.0138 0 -1

caudal ventrolateral area 6 0 2 0 0.0104 1
area1/2/3 (lower limb region) 15 17 0.1613 0.1298 -0.108

area 4 (lower limb region) 70 71 0.4636 0.3989 -0.075
medial area 38 3 1 0.014 0.0051 -0.464

area 41/42 27 10 0.2 0.0826 -0.415
TE1.0 and TE1.2 6 0 0.0251 0 -1
caudal area 22 20 8 0.1136 0.0593 -0.315
lateral area 38 30 14 0.1829 0.0704 -0.445
rostral area 22 0 9 0 0.0811 1
caudal area 21 3 11 0.0173 0.055 0.5206
rostral area 21 19 15 0.0785 0.0534 -0.191

dorsolateral area 37 4 2 0.0231 0.0093 -0.428
anterior superior temporal sulcus 17 18 0.0733 0.0516 -0.174

intermediate ventral area 20 0 0 0 0 0
extreme lateroventral area 37 0 0 0 0 0

rostral area 20 5 0 0.0352 0 -1
intermediate lateral area 20 3 1 0.0234 0.0073 -0.525

ventrolateral area 37 0 0 0 0 0
caudolateral of area 20 1 0 0.0072 0 -1
caudoventral of area 20 0 1 0 0.0057 1

rostroventral area 20 24 14 0.0784 0.0462 -0.259
medioventral area 37 7 5 0.0257 0.0208 -0.105
lateroventral area 37 6 8 0.0211 0.0313 0.195

rostral area 35/36 1 0 0.0192 0 -1
caudal area 35/36 5 8 0.1136 0.1538 0.1503

area TL (lateral PPHC, post. parahippoc. gyrus) 36 15 0.7059 0.3571 -0.328
area 28/34 (EC, entorhinal cortex) 9 3 0.1837 0.0909 -0.338

area TI (temporal agranular insular cortex) 0 0 0 0 0
area TH (medial PPHC) 14 13 0.4 0.2889 -0.161

rostroposterior superior temporal sulcus 39 31 0.3714 0.3131 -0.085
caudoposterior superior temporal sulcus 1 1 0.0093 0.0116 0.1134

Lat.Lobe
Abs. Size Rel. Size

Lat. Region
Abs. Size Rel. Size

Lat. Subregion
Abs. Size Rel. Size

supplementary areas of ROBO place > fixation dot,  (pt. 1)

frontal
lobe

temporal
lobe

superior
frontal gyrus

middle
frontal gyrus

inferior
frontal gyrus

orbital gyrus

precentral gyrus

paracentral lobule

superior
temporal gyrus

middle
temporal gyrus

inferior
temporal gyrus

fusiform gyrus

parahippocampal
gyrus

posterior superior
temporal sulcus

431 404 0.0653 0.0595 -0.047

280 188 0.0671 0.0465 -0.182

109 44 0.067 0.0261 -0.44

0 9 0 0.005 1

35 49 0.0551 0.0724 0.1354

65 128 0.0539 0.1002 0.301

137 86 0.1252 0.0819 -0.209

85 88 0.3484 0.2848 -0.1

86 42 0.077 0.0429 -0.284

43 46 0.0524 0.044 -0.088

9 2 0.01 0.0026 -0.592

37 27 0.0429 0.0338 -0.119

65 39 0.2549 0.1542 -0.246

40 32 0.1878 0.173 -0.041
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Table 0-35: Voxel density numbers for the fMRI study’s supplementary areas from the contrast of 
ROBO place > fixation dot (parietal lobe – cerebellum)  Activation sizes are given as absolute values 
of active voxels for each lobe/main brain region, their constituting smaller regions and sub-
regions/Brodmann areas as well as in form of a relative number of activated voxels compared to total 
voxels within each level of spatial granularity. Absolute and relative sizes are subdivided into left- and 
right-hemispheric activation, with an additional lateralization index in form of a value ranging from -1 
(only left-hemispheric activation) to 1 (only right-hemispheric activation). 

 
  

left right left right left right left right left right left right
rostral area 7 0 0 0 0 0
caudal area 7 0 0 0 0 0
lateral area 5 0 0 0 0 0

postcentral area 7 0 0 0 0 0
intraparietal area 7 (hIP3) 0 0 0 0 0

caudal area 39 (PGp) 4 9 0.0126 0.0256 0.3418
rostrodorsal area 39 (Hip3) 0 1 0 0.0035 1
rostrodorsal area 40 (PFt) 0 0 0 0 0

caudal area 40 (PFm) 15 0 0.0466 0 -1
rostroventral area 39 (PGa) 38 25 0.0823 0.0623 -0.138
rostroventral area 40 (PFop) 33 15 0.1044 0.0412 -0.434

medial area 7 (PEp) 23 14 0.1429 0.1157 -0.105
medial area 5 (PEm) 10 5 0.0617 0.0267 -0.396

dorsomedial parietooccipital  sulcus (PEr) 100 143 0.3861 0.4181 0.0398
area 31 (Lc1) 46 70 0.2 0.2518 0.1146

area 1/2/3 (upper limb, head and face region) 58 39 0.2049 0.1518 -0.149
area 1/2/3 (tongue and larynx region) 3 0 0.0174 0 -1

area 2 0 2 0 0.0099 1
area1/2/3 (trunk region) 22 23 0.1063 0.1523 0.178

hypergranular insula 4 0 0.0426 0 -1
ventral agranular insula 17 6 0.2537 0.1017 -0.428
dorsal agranular insula 0 0 0 0 0

ventral dysgranular and granular insula 0 0 0 0 0
dorsal granular insula 5 0 0.061 0 -1

dorsal dysgranular insula 0 0 0 0 0
dorsal area 23 20 5 0.1351 0.0455 -0.497

rostroventral area 24 0 4 0 0.05 1
pregenual area 32 0 0 0 0 0

ventral area 23 8 17 0.0748 0.1932 0.4419
caudodorsal area 24 0 0 0 0 0

caudal area 23 42 6 0.2515 0.0382 -0.736
subgenual area 32 4 0 0.0206 0 -1

caudal lingual gyrus 9 10 0.0625 0.0571 -0.045
rostral cuneus gyrus 55 83 0.2301 0.3578 0.2171
caudal cuneus gyrus 4 20 0.0207 0.1093 0.6812
rostral lingual gyrus 48 53 0.2172 0.2172 0

ventromedial parietooccipital sulcus 71 90 0.2465 0.3214 0.1319
middle occipital gyrus 0 0 0 0 0

area V5/MT+ 0 0 0 0 0
occipital polar cortex 1 0 0.0035 0 -1

inferior occipital gyrus 0 0 0 0 0
medial superior occipital gyrus 20 29 0.1105 0.151 0.155
lateral superior occipital gyrus 0 0 0 0 0

medial amygdala 9 5 0.1765 0.0806 -0.373
lateral amygdala 0 2 0 0.05 1

rostral hippocampus 16 4 0.092 0.0256 -0.564
caudal hippocampus 19 17 0.1131 0.0983 -0.07

ventral caudate 77 39 0.562 0.3786 -0.195
globus pallidus 4 0 0.0465 0 -1

nucleus accumbens 29 39 0.3021 0.3197 0.0283
ventromedial putamen 9 1 0.0891 0.0159 -0.698

dorsal caudate 2 3 0.0127 0.0149 0.0766
dorsolateral putamen 10 0 0.069 0 -1

medial pre-frontal thalamus 9 0 0.1552 0 -1
pre-motor thalamus 7 0 0.1591 0 -1

sensory thalamus 3 0 0.0698 0 -1
rostral temporal thalamus 2 0 0.0339 0 -1
posterior parietal thalamus 6 6 0.0769 0.0845 0.047

occipital thalamus 4 1 0.0678 0.0208 -0.53
caudal temporal thalamus 9 0 0.1525 0 -1

lateral pre-frontal thalamus 3 1 0.03 0.0128 -0.401
lobules I-IV of cerebellar hemisphere 5 7 0.0258 0.0372 0.1819

lobule V of cerebellar hemisphere 22 13 0.0991 0.0634 -0.22
lobule VI of cerebellar hemisphere 12 10 0.0252 0.023 -0.045

crus I of cerebellar hemisphere 51 61 0.0719 0.0824 0.068
crus II of cerebellar hemisphere 28 26 0.0492 0.0494 0.0022

lobule VIIb of cerebellar hemisphere 0 0 0 0 0
lobule VIIIa of cerebellar hemisphere 0 1 0 0.004 1
lobule VIIIb of cerebellar hemisphere 0 0 0 0 0

lobule IX of cerebellar hemisphere 8 14 0.0516 0.0718 0.1635
lobule X of cerebellar hemisphere 0 0 0 0 0

Subregion
Abs. Size Rel. Size

supplementary areas of ROBO place > fixation dot,  (pt. 2)

parietal
lobe

352 346 0.0809 0.0767 -0.026

superior
parietal lobule

0 0 0 0 0

inferior
parietal lobule

90 50

Lat.Lobe
Abs. Size Rel. Size

Lat. Region
Abs. Size Rel. Size

0.0457 0.0242 -0.307

precuneus 179 232 0.2204 0.25 0.0628

Lat.

0.0805 0.0435

-0.075

insular
lobe

26 6 0.0524 0.0134 -0.594 insular gyrus 26 6 0.0524 0.0134 -0.594

postcentral gyrus 83 64 0.0937 0.0806

0.0435 -0.299
limbic
lobe

74

occipital
lobe

208 285 0.0838 0.111 0.1393

medioventral
occipital cortex

187 256 0.1724 0.2298 0.1429

lateral
occipital cortex

21

-0.299 cingulate gyrus 74 32 0.080532

29 0.015 0.0199 0.1401

subcortical
nuclei

218 118 0.1331 0.0726 -0.294

amygdala 9 7 0.1216 0.0686 -0.279

-0.232

basal ganglia 131 82 0.1814 0.112 -0.237

hippocampus 35 21 0.1023 0.0638

-0.665

cerebellum 126 132 0.0412 0.0429 0.0205 cerebellum 126 132 0.0412 0.0429 0.0205

thalamus 43 8 0.086 0.0173
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APPENDIX E-2-2-2-5 BASE SWITCH > FIXATION DOT 

Table 0-36: Voxel density numbers for the fMRI study’s supplementary areas from the contrast of 
BASE switch > fixation dot (frontal lobe – temporal lobe)  Activation sizes are given as absolute values 
of active voxels for each lobe/main brain region, their constituting smaller regions and sub-
regions/Brodmann areas as well as in form of a relative number of activated voxels compared to total 
voxels within each level of spatial granularity. Absolute and relative sizes are subdivided into left- and 
right-hemispheric activation, with an additional lateralization index in form of a value ranging from -1 
(only left-hemispheric activation) to 1 (only right-hemispheric activation). 

 
  

left right left right left right left right left right left right
medial area 8 0 4 0 0.0156 1

dorsolateral area 8 0 0 0 0 0
lateral area 9 0 9 0 0.0341 1

dorsolateral area 6 1 0 0.0051 0 -1
medial area 6 0 0 0 0 0
medial area 9 0 3 0 0.0111 1

medial area 10 0 0 0 0 0
dorsal area 9/46 0 0 0 0 0

inferior frontal junction 0 0 0 0 0
area 46 0 0 0 0 0

ventral area 9/46 0 0 0 0 0
ventrolateral area 8 0 0 0 0 0
ventrolateral area 6 3 0 0.016 0 -1

lateral area10 0 0 0 0 0
dorsal area 44 0 0 0 0 0

inferior frontal sulcus 0 0 0 0 0
caudal area 45 0 0 0 0 0
rostral area 45 0 0 0 0 0

opercular area 44 5 3 0.0338 0.0185 -0.292
ventral area 44 0 0 0 0 0
medial area 14 0 0 0 0 0

orbital area 12/47 22 21 0.1538 0.1533 -0.002
lateral area 11 0 39 0 0.1092 1
medial area 11 0 0 0 0 0

area 13 2 0 0.0074 0 -1
lateral area 12/47 17 38 0.096 0.2346 0.419

area 4 (head and face region) 6 0 0.0222 0 -1
caudal dorsolateral area 6 1 0 0.0053 0 -1
area 4 (upper limb region) 3 0 0.0164 0 -1

area 4 (trunk region) 9 0 0.1023 0 -1
area 4 (tongue and larynx region) 0 0 0 0 0

caudal ventrolateral area 6 0 0 0 0 0
area1/2/3 (lower limb region) 14 0 0.1505 0 -1

area 4 (lower limb region) 4 9 0.0265 0.0506 0.3124
medial area 38 1 14 0.0047 0.0718 0.8778

area 41/42 10 0 0.0741 0 -1
TE1.0 and TE1.2 0 0 0 0 0
caudal area 22 2 0 0.0114 0 -1
lateral area 38 34 10 0.2073 0.0503 -0.61
rostral area 22 2 2 0.0106 0.018 0.26
caudal area 21 0 2 0 0.01 1
rostral area 21 7 6 0.0289 0.0214 -0.151

dorsolateral area 37 0 0 0 0 0
anterior superior temporal sulcus 59 40 0.2543 0.1146 -0.379

intermediate ventral area 20 0 0 0 0 0
extreme lateroventral area 37 0 0 0 0 0

rostral area 20 0 0 0 0 0
intermediate lateral area 20 2 1 0.0156 0.0073 -0.363

ventrolateral area 37 0 0 0 0 0
caudolateral of area 20 0 0 0 0 0
caudoventral of area 20 0 0 0 0 0

rostroventral area 20 47 26 0.1536 0.0858 -0.283
medioventral area 37 93 104 0.3419 0.4333 0.1179
lateroventral area 37 14 28 0.0491 0.1094 0.3801

rostral area 35/36 0 0 0 0 0
caudal area 35/36 16 14 0.3636 0.2692 -0.149

area TL (lateral PPHC, post. parahippoc. gyrus) 18 10 0.3529 0.2381 -0.194
area 28/34 (EC, entorhinal cortex) 5 0 0.102 0 -1

area TI (temporal agranular insular cortex) 0 0 0 0 0
area TH (medial PPHC) 12 5 0.3429 0.1111 -0.511

rostroposterior superior temporal sulcus 0 6 0 0.0606 1
caudoposterior superior temporal sulcus 0 0 0 0 0

0 6 0 0.0324 1

51 29 0.2 0.1146 -0.271

154 158 0.1784 0.1977 0.0513

2 1 0.0022 0.0013 -0.269

66 48 0.0805 0.0459 -0.274

49 26 0.0439 0.0266 -0.246

18 9 0.0738 0.0291 -0.434

19 0 0.0174 0 -1

41 98 0.034 0.0767 0.3864

5 3 0.0079 0.0044 -0.28

3 0 0.0017 0 -1

1 16 0.0006 0.0095 0.8781

126 0.0132 0.0185 0.1691

322 268 0.0772 0.0663 -0.076

supplementary areas of BASE switch > fixation dot,  (pt. 1)

frontal
lobe

temporal
lobe

superior
frontal gyrus

middle
frontal gyrus

inferior
frontal gyrus

orbital gyrus

precentral gyrus

paracentral lobule

superior
temporal gyrus

middle
temporal gyrus

inferior
temporal gyrus

fusiform gyrus

parahippocampal
gyrus

posterior superior
temporal sulcus

87

Lat.Lobe
Abs. Size Rel. Size

Lat. Region
Abs. Size Rel. Size

Lat. Subregion
Abs. Size Rel. Size
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Table 0-37: Voxel density numbers for the fMRI study’s supplementary areas from the contrast of 
BASE switch > fixation dot (parietal lobe – cerebellum)  Activation sizes are given as absolute values 
of active voxels for each lobe/main brain region, their constituting smaller regions and sub-
regions/Brodmann areas as well as in form of a relative number of activated voxels compared to total 
voxels within each level of spatial granularity. Absolute and relative sizes are subdivided into left- and 
right-hemispheric activation, with an additional lateralization index in form of a value ranging from -1 
(only left-hemispheric activation) to 1 (only right-hemispheric activation). 

 
  

left right left right left right left right left right left right
rostral area 7 0 0 0 0 0
caudal area 7 4 0 0.0282 0 -1
lateral area 5 0 0 0 0 0

postcentral area 7 0 0 0 0 0
intraparietal area 7 (hIP3) 0 0 0 0 0

caudal area 39 (PGp) 96 89 0.3019 0.2536 -0.087
rostrodorsal area 39 (Hip3) 0 0 0 0 0
rostrodorsal area 40 (PFt) 0 0 0 0 0

caudal area 40 (PFm) 0 0 0 0 0
rostroventral area 39 (PGa) 25 3 0.0541 0.0075 -0.757
rostroventral area 40 (PFop) 9 0 0.0285 0 -1

medial area 7 (PEp) 20 0 0.1242 0 -1
medial area 5 (PEm) 26 7 0.1605 0.0374 -0.622

dorsomedial parietooccipital  sulcus (PEr) 78 111 0.3012 0.3246 0.0374
area 31 (Lc1) 39 51 0.1696 0.1835 0.0393

area 1/2/3 (upper limb, head and face region) 0 0 0 0 0
area 1/2/3 (tongue and larynx region) 0 0 0 0 0

area 2 0 0 0 0 0
area1/2/3 (trunk region) 5 0 0.0242 0 -1

hypergranular insula 0 0 0 0 0
ventral agranular insula 11 8 0.1642 0.1356 -0.095
dorsal agranular insula 11 3 0.131 0.0435 -0.502

ventral dysgranular and granular insula 0 0 0 0 0
dorsal granular insula 0 0 0 0 0

dorsal dysgranular insula 0 0 0 0 0
dorsal area 23 4 4 0.027 0.0364 0.1473

rostroventral area 24 0 2 0 0.025 1
pregenual area 32 0 3 0 0.027 1

ventral area 23 47 44 0.4393 0.5 0.0647
caudodorsal area 24 0 0 0 0 0

caudal area 23 0 0 0 0 0
subgenual area 32 1 0 0.0052 0 -1

caudal lingual gyrus 0 70 0 0.4 1
rostral cuneus gyrus 0 2 0 0.0086 1
caudal cuneus gyrus 0 25 0 0.1366 1
rostral lingual gyrus 77 97 0.3484 0.3975 0.0659

ventromedial parietooccipital sulcus 15 19 0.0521 0.0679 0.1315
middle occipital gyrus 41 44 0.1715 0.1833 0.0332

area V5/MT+ 21 7 0.0921 0.029 -0.521
occipital polar cortex 2 2 0.007 0.007 0.0018

inferior occipital gyrus 0 14 0 0.0519 1
medial superior occipital gyrus 18 38 0.0994 0.1979 0.3311
lateral superior occipital gyrus 4 25 0.0234 0.1106 0.6509

medial amygdala 0 3 0 0.0484 1
lateral amygdala 0 1 0 0.025 1

rostral hippocampus 1 6 0.0057 0.0385 0.74
caudal hippocampus 12 7 0.0714 0.0405 -0.277

ventral caudate 1 0 0.0073 0 -1
globus pallidus 0 1 0 0.011 1

nucleus accumbens 4 2 0.0417 0.0164 -0.435
ventromedial putamen 0 0 0 0 0

dorsal caudate 0 0 0 0 0
dorsolateral putamen 0 1 0 0.0066 1

medial pre-frontal thalamus 0 0 0 0 0
pre-motor thalamus 0 0 0 0 0

sensory thalamus 0 7 0 0.1591 1
rostral temporal thalamus 0 0 0 0 0
posterior parietal thalamus 2 5 0.0256 0.0704 0.4662

occipital thalamus 5 2 0.0847 0.0417 -0.341
caudal temporal thalamus 2 1 0.0339 0.0208 -0.239

lateral pre-frontal thalamus 0 0 0 0 0
lobules I-IV of cerebellar hemisphere 32 17 0.1649 0.0904 -0.292

lobule V of cerebellar hemisphere 43 21 0.1937 0.1024 -0.308
lobule VI of cerebellar hemisphere 43 17 0.0901 0.0391 -0.395

crus I of cerebellar hemisphere 0 10 0 0.0135 1
crus II of cerebellar hemisphere 0 1 0 0.0019 1

lobule VIIb of cerebellar hemisphere 2 0 0.008 0 -1
lobule VIIIa of cerebellar hemisphere 3 1 0.012 0.004 -0.502
lobule VIIIb of cerebellar hemisphere 3 12 0.015 0.0543 0.5671

lobule IX of cerebellar hemisphere 17 40 0.1097 0.2051 0.3032
lobule X of cerebellar hemisphere 4 8 0.1143 0.1951 0.2613

hippocampus 13 13 0.038 0.0395

0.2867

cerebellum 147 127 0.0481 0.0413 -0.076 cerebellum 147 127 0.0481 0.0413 -0.076

thalamus 9 15 0.018 0.0325

53

130 0.0616 0.0894 0.1841

subcortical
nuclei

27 36 0.0165 0.0222 0.1468

amygdala 0 4 0 0.0392 1

0.0194

basal ganglia 5 4 0.0069 0.0055 -0.118

0.0848 0.1912 0.3856

lateral
occipital cortex

86

0.12 cingulate gyrus 52 53 0.0566

occipital
lobe

178 343 0.0717 0.1336 0.3011

medioventral
occipital cortex

92 213

0.0566 0.072

-1

insular
lobe

22 11 0.0444 0.0245 -0.288 insular gyrus 22 11 0.0444 0.0245 -0.288

postcentral gyrus 5 0 0.0056 0

0.072 0.12
limbic
lobe

52

Region
Abs. Size Rel. Size

0.066 0.0445 -0.194

precuneus 163 169 0.2007 0.1821 -0.049

Lat. Subregion
Abs. Size Rel. Size

supplementary areas of BASE switch > fixation dot,  (pt. 2)

parietal
lobe

302 261 0.0694 0.0579 -0.09

superior
parietal lobule

4 0 0.0058 0 -1

inferior
parietal lobule

130 92

Lat.Lobe
Abs. Size Rel. Size

Lat.
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APPENDIX E-2-2-2-6 ROBO SWITCH > FIXATION DOT 

Table 0-38: Voxel density numbers for the fMRI study’s supplementary areas from the contrast of 
ROBO switch > fixation dot (frontal lobe – temporal lobe)  Activation sizes are given as absolute 
values of active voxels for each lobe/main brain region, their constituting smaller regions and sub-
regions/Brodmann areas as well as in form of a relative number of activated voxels compared to total 
voxels within each level of spatial granularity. Absolute and relative sizes are subdivided into left- and 
right-hemispheric activation, with an additional lateralization index in form of a value ranging from -1 
(only left-hemispheric activation) to 1 (only right-hemispheric activation). 

 
  

left right left right left right left right left right left right
medial area 8 66 78 0.287 0.3047 0.03

dorsolateral area 8 24 11 0.0916 0.05 -0.294
lateral area 9 0 0 0 0 0

dorsolateral area 6 39 128 0.2 0.6275 0.5166
medial area 6 73 35 0.3527 0.1741 -0.339
medial area 9 5 0 0.0239 0 -1

medial area 10 0 0 0 0 0
dorsal area 9/46 56 64 0.1728 0.2078 0.0918

inferior frontal junction 79 61 0.3543 0.3631 0.0123
area 46 1 20 0.0042 0.068 0.8846

ventral area 9/46 113 82 0.3779 0.278 -0.152
ventrolateral area 8 67 102 0.2326 0.4304 0.2982
ventrolateral area 6 40 93 0.2128 0.4869 0.3918

lateral area10 2 0 0.0086 0 -1
dorsal area 44 8 23 0.0808 0.1949 0.4138

inferior frontal sulcus 56 60 0.4912 0.6061 0.1047
caudal area 45 50 78 0.6173 0.7647 0.1067
rostral area 45 50 46 0.4348 0.4035 -0.037

opercular area 44 42 34 0.2838 0.2099 -0.15
ventral area 44 72 55 0.9231 0.6707 -0.158
medial area 14 0 0 0 0 0

orbital area 12/47 4 0 0.028 0 -1
lateral area 11 0 0 0 0 0
medial area 11 0 0 0 0 0

area 13 5 0 0.0185 0 -1
lateral area 12/47 29 8 0.1638 0.0494 -0.537

area 4 (head and face region) 6 27 0.0222 0.1698 0.7686
caudal dorsolateral area 6 7 124 0.0368 0.502 0.8633
area 4 (upper limb region) 6 5 0.0328 0.0267 -0.102

area 4 (trunk region) 11 1 0.125 0.0074 -0.889
area 4 (tongue and larynx region) 5 2 0.0345 0.0156 -0.376

caudal ventrolateral area 6 33 164 0.1514 0.8497 0.6976
area1/2/3 (lower limb region) 4 7 0.043 0.0534 0.1081

area 4 (lower limb region) 0 0 0 0 0
medial area 38 2 0 0.0093 0 -1

area 41/42 0 1 0 0.0083 1
TE1.0 and TE1.2 3 6 0.0126 0.0275 0.3736
caudal area 22 24 9 0.1364 0.0667 -0.343
lateral area 38 2 4 0.0122 0.0201 0.2448
rostral area 22 0 9 0 0.0811 1
caudal area 21 26 46 0.1503 0.23 0.2096
rostral area 21 0 3 0 0.0107 1

dorsolateral area 37 84 138 0.4855 0.6389 0.1364
anterior superior temporal sulcus 14 69 0.0603 0.1977 0.5323

intermediate ventral area 20 1 2 0.0104 0.0333 0.5238
extreme lateroventral area 37 1 9 0.0112 0.125 0.8351

rostral area 20 0 15 0 0.1261 1
intermediate lateral area 20 0 0 0 0 0

ventrolateral area 37 62 67 0.4662 0.6381 0.1557
caudolateral of area 20 17 36 0.1223 0.3158 0.4417
caudoventral of area 20 1 5 0.0057 0.0286 0.6667

rostroventral area 20 0 4 0 0.0132 1
medioventral area 37 0 0 0 0 0
lateroventral area 37 0 4 0 0.0156 1

rostral area 35/36 0 0 0 0 0
caudal area 35/36 1 0 0.0227 0 -1

area TL (lateral PPHC, post. parahippoc. gyrus) 1 0 0.0196 0 -1
area 28/34 (EC, entorhinal cortex) 1 0 0.0204 0 -1

area TI (temporal agranular insular cortex) 1 0 0.0417 0 -1
area TH (medial PPHC) 0 1 0 0.0222 1

rostroposterior superior temporal sulcus 20 34 0.1905 0.3434 0.2865
caudoposterior superior temporal sulcus 48 57 0.4444 0.6628 0.1972

Lat.Lobe
Abs. Size Rel. Size

Lat. Region
Abs. Size Rel. Size

Lat. Subregion
Abs. Size Rel. Size

supplementary areas of ROBO switch > fixation dot,  (pt. 1)

frontal
lobe

temporal
lobe

superior
frontal gyrus

middle
frontal gyrus

inferior
frontal gyrus

orbital gyrus

precentral gyrus

paracentral lobule

superior
temporal gyrus

middle
temporal gyrus

inferior
temporal gyrus

fusiform gyrus

parahippocampal
gyrus

posterior superior
temporal sulcus

953 1308 0.1444 0.1926 0.1429

309 519 0.0741 0.1283 0.2679

207 252 0.1273 0.1492 0.0792

358 422 0.1996 0.2356 0.0829

278 296 0.4378 0.4372 -7E-04

38 8 0.0315 0.0063 -0.668

68 323 0.0622 0.3076 0.6638

4 7 0.0164 0.0227 0.1603

31 29 0.0278 0.0296 0.0326

124 256 0.1512 0.2447 0.2362

82 134 0.0909 0.1714 0.3067

0 8 0 0.01 1

4 1 0.0157 0.004 -0.598

68 91 0.3192 0.4919 0.2128
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Table 0-39: Voxel density numbers for the fMRI study’s supplementary areas from the contrast of 
ROBO switch > fixation dot (parietal lobe – cerebellum)  Activation sizes are given as absolute values 
of active voxels for each lobe/main brain region, their constituting smaller regions and sub-
regions/Brodmann areas as well as in form of a relative number of activated voxels compared to total 
voxels within each level of spatial granularity. Absolute and relative sizes are subdivided into left- and 
right-hemispheric activation, with an additional lateralization index in form of a value ranging from -1 
(only left-hemispheric activation) to 1 (only right-hemispheric activation). 

 
  

left right left right left right left right left right left right
rostral area 7 0 18 0 0.1176 1
caudal area 7 0 0 0 0 0
lateral area 5 0 57 0 0.4831 1

postcentral area 7 25 71 0.1667 0.483 0.4869
intraparietal area 7 (hIP3) 0 14 0 0.0972 1

caudal area 39 (PGp) 0 16 0 0.0456 1
rostrodorsal area 39 (Hip3) 67 60 0.2769 0.2105 -0.136
rostrodorsal area 40 (PFt) 214 299 0.6881 0.9432 0.1564

caudal area 40 (PFm) 41 100 0.1273 0.2865 0.3847
rostroventral area 39 (PGa) 25 113 0.0541 0.2818 0.6778
rostroventral area 40 (PFop) 56 123 0.1772 0.3379 0.312

medial area 7 (PEp) 16 5 0.0994 0.0413 -0.413
medial area 5 (PEm) 16 46 0.0988 0.246 0.427

dorsomedial parietooccipital  sulcus (PEr) 6 38 0.0232 0.1111 0.655
area 31 (Lc1) 1 10 0.0043 0.036 0.7843

area 1/2/3 (upper limb, head and face region) 37 16 0.1307 0.0623 -0.355
area 1/2/3 (tongue and larynx region) 29 20 0.1686 0.1093 -0.213

area 2 88 154 0.3929 0.7586 0.3176
area1/2/3 (trunk region) 87 30 0.4203 0.1987 -0.358

hypergranular insula 0 0 0 0 0
ventral agranular insula 3 0 0.0448 0 -1
dorsal agranular insula 4 0 0.0476 0 -1

ventral dysgranular and granular insula 0 0 0 0 0
dorsal granular insula 2 0 0.0244 0 -1

dorsal dysgranular insula 8 0 0.086 0 -1
dorsal area 23 3 18 0.0203 0.1636 0.7796

rostroventral area 24 17 9 0.3091 0.1125 -0.466
pregenual area 32 1 0 0.0075 0 -1

ventral area 23 2 1 0.0187 0.0114 -0.244
caudodorsal area 24 22 14 0.193 0.1892 -0.01

caudal area 23 0 2 0 0.0127 1
subgenual area 32 0 0 0 0 0

caudal lingual gyrus 7 0 0.0486 0 -1
rostral cuneus gyrus 7 12 0.0293 0.0517 0.2769
caudal cuneus gyrus 9 9 0.0466 0.0492 0.0266
rostral lingual gyrus 38 22 0.1719 0.0902 -0.312

ventromedial parietooccipital sulcus 21 32 0.0729 0.1143 0.221
middle occipital gyrus 0 0 0 0 0

area V5/MT+ 1 2 0.0044 0.0083 0.3085
occipital polar cortex 0 0 0 0 0

inferior occipital gyrus 0 0 0 0 0
medial superior occipital gyrus 2 10 0.011 0.0521 0.65
lateral superior occipital gyrus 0 0 0 0 0

medial amygdala 20 14 0.3922 0.2258 -0.269
lateral amygdala 5 7 0.2174 0.175 -0.108

rostral hippocampus 39 15 0.2241 0.0962 -0.4
caudal hippocampus 6 12 0.0357 0.0694 0.3202

ventral caudate 11 24 0.0803 0.233 0.4874
globus pallidus 74 39 0.8605 0.4286 -0.335

nucleus accumbens 16 16 0.1667 0.1311 -0.119
ventromedial putamen 70 52 0.6931 0.8254 0.0871

dorsal caudate 4 6 0.0255 0.0297 0.0766
dorsolateral putamen 98 7 0.6759 0.0464 -0.872

medial pre-frontal thalamus 5 0 0.0862 0 -1
pre-motor thalamus 21 0 0.4773 0 -1

sensory thalamus 15 3 0.3488 0.0682 -0.673
rostral temporal thalamus 0 0 0 0 0
posterior parietal thalamus 12 4 0.1538 0.0563 -0.464

occipital thalamus 5 2 0.0847 0.0417 -0.341
caudal temporal thalamus 0 0 0 0 0

lateral pre-frontal thalamus 34 4 0.34 0.0513 -0.738
lobules I-IV of cerebellar hemisphere 0 1 0 0.0053 1

lobule V of cerebellar hemisphere 2 24 0.009 0.1171 0.8571
lobule VI of cerebellar hemisphere 92 41 0.1929 0.0943 -0.344

crus I of cerebellar hemisphere 149 60 0.2102 0.0811 -0.443
crus II of cerebellar hemisphere 89 28 0.1564 0.0532 -0.492

lobule VIIb of cerebellar hemisphere 10 2 0.0402 0.0073 -0.693
lobule VIIIa of cerebellar hemisphere 23 2 0.0924 0.008 -0.841
lobule VIIIb of cerebellar hemisphere 5 0 0.025 0 -1

lobule IX of cerebellar hemisphere 1 0 0.0065 0 -1
lobule X of cerebellar hemisphere 2 0 0.0571 0 -1

Subregion
Abs. Size Rel. Size

supplementary areas of ROBO switch > fixation dot,  (pt. 2)

parietal
lobe

708 1190 0.1626 0.2639 0.2374

superior
parietal lobule

25 160 0.0365 0.2222 0.7175

inferior
parietal lobule

403 711

Lat.Lobe
Abs. Size Rel. Size

Lat. Region
Abs. Size Rel. Size

0.2045 0.344 0.2544

precuneus 39 99 0.048 0.1067 0.3791

Lat.

0.049 0.0598

0.0092

insular
lobe

17 0 0.0343 0 -1 insular gyrus 17 0 0.0343 0 -1

postcentral gyrus 241 220 0.272 0.2771

0.0598 0.0995
limbic
lobe

45

occipital
lobe

85 87 0.0343 0.0339 -0.006

medioventral
occipital cortex

82 75 0.0756 0.0673 -0.058

lateral
occipital cortex

3

0.0995 cingulate gyrus 45 44 0.04944

12 0.0021 0.0083 0.5868

subcortical
nuclei

435 205 0.2656 0.1262 -0.356

amygdala 25 21 0.3378 0.2059 -0.243

-0.232

basal ganglia 273 144 0.3781 0.1967 -0.316

hippocampus 45 27 0.1316 0.0821

-0.735

cerebellum 373 158 0.1219 0.0514 -0.407 cerebellum 373 158 0.1219 0.0514 -0.407

thalamus 92 13 0.184 0.0281
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APPENDIX E-2-2-2-7 BASE CARRY > FIXATION DOT 

Table 0-40: Voxel density numbers for the fMRI study’s supplementary areas from the contrast of 
BASE carry > fixation dot (frontal lobe – temporal lobe)  Activation sizes are given as absolute values 
of active voxels for each lobe/main brain region, their constituting smaller regions and sub-
regions/Brodmann areas as well as in form of a relative number of activated voxels compared to total 
voxels within each level of spatial granularity. Absolute and relative sizes are subdivided into left- and 
right-hemispheric activation, with an additional lateralization index in form of a value ranging from -1 
(only left-hemispheric activation) to 1 (only right-hemispheric activation). 

 
  

left right left right left right left right left right left right
medial area 8 0 0 0 0 0

dorsolateral area 8 19 14 0.0725 0.0636 -0.065
lateral area 9 0 0 0 0 0

dorsolateral area 6 0 0 0 0 0
medial area 6 3 3 0.0145 0.0149 0.0147
medial area 9 0 2 0 0.0074 1

medial area 10 0 5 0 0.0182 1
dorsal area 9/46 33 94 0.1019 0.3052 0.4996

inferior frontal junction 36 0 0.1614 0 -1
area 46 0 38 0 0.1293 1

ventral area 9/46 22 65 0.0736 0.2203 0.4993
ventrolateral area 8 3 36 0.0104 0.1519 0.8716
ventrolateral area 6 0 8 0 0.0419 1

lateral area10 0 6 0 0.0201 1
dorsal area 44 5 0 0.0505 0 -1

inferior frontal sulcus 21 16 0.1842 0.1616 -0.065
caudal area 45 0 0 0 0 0
rostral area 45 0 0 0 0 0

opercular area 44 8 0 0.0541 0 -1
ventral area 44 0 0 0 0 0
medial area 14 0 4 0 0.0214 1

orbital area 12/47 10 1 0.0699 0.0073 -0.811
lateral area 11 3 43 0.0106 0.1204 0.8387
medial area 11 0 0 0 0 0

area 13 3 1 0.0111 0.0045 -0.425
lateral area 12/47 2 3 0.0113 0.0185 0.2421

area 4 (head and face region) 5 6 0.0185 0.0377 0.3416
caudal dorsolateral area 6 1 1 0.0053 0.004 -0.13
area 4 (upper limb region) 33 20 0.1803 0.107 -0.255

area 4 (trunk region) 15 23 0.1705 0.1691 -0.004
area 4 (tongue and larynx region) 0 0 0 0 0

caudal ventrolateral area 6 10 0 0.0459 0 -1
area1/2/3 (lower limb region) 15 23 0.1613 0.1756 0.0424

area 4 (lower limb region) 61 102 0.404 0.573 0.173
medial area 38 1 2 0.0047 0.0103 0.374

area 41/42 0 1 0 0.0083 1
TE1.0 and TE1.2 0 1 0 0.0046 1
caudal area 22 25 9 0.142 0.0667 -0.361
lateral area 38 13 11 0.0793 0.0553 -0.178
rostral area 22 0 21 0 0.1892 1
caudal area 21 8 3 0.0462 0.015 -0.51
rostral area 21 0 4 0 0.0142 1

dorsolateral area 37 0 0 0 0 0
anterior superior temporal sulcus 51 59 0.2198 0.1691 -0.131

intermediate ventral area 20 0 1 0 0.0167 1
extreme lateroventral area 37 0 0 0 0 0

rostral area 20 0 0 0 0 0
intermediate lateral area 20 0 0 0 0 0

ventrolateral area 37 4 0 0.0301 0 -1
caudolateral of area 20 13 2 0.0935 0.0175 -0.684
caudoventral of area 20 0 0 0 0 0

rostroventral area 20 27 13 0.0882 0.0429 -0.346
medioventral area 37 10 2 0.0368 0.0083 -0.63
lateroventral area 37 11 7 0.0386 0.0273 -0.171

rostral area 35/36 0 0 0 0 0
caudal area 35/36 12 6 0.2727 0.1154 -0.405

area TL (lateral PPHC, post. parahippoc. gyrus) 11 11 0.2157 0.2619 0.0968
area 28/34 (EC, entorhinal cortex) 3 1 0.0612 0.0303 -0.338

area TI (temporal agranular insular cortex) 0 0 0 0 0
area TH (medial PPHC) 0 2 0 0.0444 1

rostroposterior superior temporal sulcus 27 0 0.2571 0 -1
caudoposterior superior temporal sulcus 0 0 0 0 0

Lat.Lobe
Abs. Size Rel. Size

Lat. Region
Abs. Size Rel. Size

Lat. Subregion
Abs. Size Rel. Size

supplementary areas of BASE carry > fixation dot,  (pt. 1)

frontal
lobe

temporal
lobe

superior
frontal gyrus

middle
frontal gyrus

inferior
frontal gyrus

orbital gyrus

precentral gyrus

paracentral lobule

superior
temporal gyrus

middle
temporal gyrus

inferior
temporal gyrus

fusiform gyrus

parahippocampal
gyrus

posterior superior
temporal sulcus

308 514 0.0467 0.0757 0.2371

216 156 0.0518 0.0386 -0.146

22 24 0.0135 0.0142 0.0245

94 247 0.0524 0.1379 0.4493

34 16 0.0535 0.0236 -0.388

18 52 0.0149 0.0407 0.4639

64 50 0.0585 0.0476 -0.103

76 125 0.3115 0.4045 0.13

39 45 0.0349 0.046 0.1366

59 66 0.072 0.0631 -0.066

17 3 0.0188 0.0038 -0.662

48 22 0.0556 0.0275 -0.338

26 20 0.102 0.0791 -0.127

27 0 0.1268 0 -1
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Table 0-41: Voxel density numbers for the fMRI study’s supplementary areas from the contrast of 
BASE carry > fixation dot (parietal lobe – cerebellum)  Activation sizes are given as absolute values 
of active voxels for each lobe/main brain region, their constituting smaller regions and sub-
regions/Brodmann areas as well as in form of a relative number of activated voxels compared to total 
voxels within each level of spatial granularity. Absolute and relative sizes are subdivided into left- and 
right-hemispheric activation, with an additional lateralization index in form of a value ranging from -1 
(only left-hemispheric activation) to 1 (only right-hemispheric activation). 

 
  

left right left right left right left right left right left right
rostral area 7 0 0 0 0 0
caudal area 7 0 0 0 0 0
lateral area 5 2 0 0.0134 0 -1

postcentral area 7 0 0 0 0 0
intraparietal area 7 (hIP3) 1 0 0.0081 0 -1

caudal area 39 (PGp) 5 13 0.0157 0.037 0.404
rostrodorsal area 39 (Hip3) 41 39 0.1694 0.1368 -0.106
rostrodorsal area 40 (PFt) 1 4 0.0032 0.0126 0.5939

caudal area 40 (PFm) 1 0 0.0031 0 -1
rostroventral area 39 (PGa) 26 10 0.0563 0.0249 -0.386
rostroventral area 40 (PFop) 2 0 0.0063 0 -1

medial area 7 (PEp) 16 0 0.0994 0 -1
medial area 5 (PEm) 2 0 0.0123 0 -1

dorsomedial parietooccipital  sulcus (PEr) 45 13 0.1737 0.038 -0.641
area 31 (Lc1) 97 114 0.4217 0.4101 -0.014

area 1/2/3 (upper limb, head and face region) 0 0 0 0 0
area 1/2/3 (tongue and larynx region) 0 2 0 0.0109 1

area 2 0 0 0 0 0
area1/2/3 (trunk region) 8 5 0.0386 0.0331 -0.077

hypergranular insula 0 0 0 0 0
ventral agranular insula 2 10 0.0299 0.1695 0.7005
dorsal agranular insula 0 0 0 0 0

ventral dysgranular and granular insula 0 0 0 0 0
dorsal granular insula 4 3 0.0488 0.0357 -0.155

dorsal dysgranular insula 0 0 0 0 0
dorsal area 23 100 74 0.6757 0.6727 -0.002

rostroventral area 24 6 7 0.1091 0.0875 -0.11
pregenual area 32 0 1 0 0.009 1

ventral area 23 8 5 0.0748 0.0568 -0.136
caudodorsal area 24 0 0 0 0 0

caudal area 23 53 82 0.3174 0.5223 0.2441
subgenual area 32 0 0 0 0 0

caudal lingual gyrus 59 9 0.4097 0.0514 -0.777
rostral cuneus gyrus 12 8 0.0502 0.0345 -0.186
caudal cuneus gyrus 10 13 0.0518 0.071 0.1565
rostral lingual gyrus 82 42 0.371 0.1721 -0.366

ventromedial parietooccipital sulcus 65 39 0.2257 0.1393 -0.237
middle occipital gyrus 0 0 0 0 0

area V5/MT+ 0 0 0 0 0
occipital polar cortex 6 0 0.021 0 -1

inferior occipital gyrus 0 0 0 0 0
medial superior occipital gyrus 72 45 0.3978 0.2344 -0.259
lateral superior occipital gyrus 0 0 0 0 0

medial amygdala 8 10 0.1569 0.1613 0.0139
lateral amygdala 1 5 0.0435 0.125 0.4839

rostral hippocampus 14 5 0.0805 0.0321 -0.43
caudal hippocampus 14 10 0.0833 0.0578 -0.181

ventral caudate 38 57 0.2774 0.5534 0.3323
globus pallidus 20 14 0.2326 0.1538 -0.204

nucleus accumbens 19 39 0.1979 0.3197 0.2352
ventromedial putamen 16 21 0.1584 0.3333 0.3557

dorsal caudate 23 57 0.1465 0.2822 0.3165
dorsolateral putamen 26 4 0.1793 0.0265 -0.743

medial pre-frontal thalamus 0 0 0 0 0
pre-motor thalamus 11 0 0.25 0 -1

sensory thalamus 4 0 0.093 0 -1
rostral temporal thalamus 2 0 0.0339 0 -1
posterior parietal thalamus 5 2 0.0641 0.0282 -0.389

occipital thalamus 1 0 0.0169 0 -1
caudal temporal thalamus 1 0 0.0169 0 -1

lateral pre-frontal thalamus 7 2 0.07 0.0256 -0.464
lobules I-IV of cerebellar hemisphere 53 58 0.2732 0.3085 0.0607

lobule V of cerebellar hemisphere 77 53 0.3468 0.2585 -0.146
lobule VI of cerebellar hemisphere 55 15 0.1153 0.0345 -0.54

crus I of cerebellar hemisphere 70 68 0.0987 0.0919 -0.036
crus II of cerebellar hemisphere 17 30 0.0299 0.057 0.3125

lobule VIIb of cerebellar hemisphere 3 0 0.012 0 -1
lobule VIIIa of cerebellar hemisphere 2 2 0.008 0.008 -0.002
lobule VIIIb of cerebellar hemisphere 0 1 0 0.0045 1

lobule IX of cerebellar hemisphere 0 2 0 0.0103 1
lobule X of cerebellar hemisphere 0 0 0 0 0

Subregion
Abs. Size Rel. Size

supplementary areas of BASE carry > fixation dot,  (pt. 2)

parietal
lobe

247 200 0.0567 0.0444 -0.123

superior
parietal lobule

3 0 0.0044 0 -1

inferior
parietal lobule

76 66

Lat.Lobe
Abs. Size Rel. Size

Lat. Region
Abs. Size Rel. Size

0.0386 0.0319 -0.094

precuneus 160 127 0.197 0.1369 -0.18

Lat.

0.1817 0.2296

-0.012

insular
lobe

6 13 0.0121 0.029 0.4106 insular gyrus 6 13 0.0121 0.029 0.4106

postcentral gyrus 8 7 0.009 0.0088

0.2296 0.1164
limbic
lobe

167

occipital
lobe

306 156 0.1233 0.0607 -0.34

medioventral
occipital cortex

228 111 0.2101 0.0996 -0.357

lateral
occipital cortex

78

0.1164 cingulate gyrus 167 169 0.1817169

45 0.0559 0.0309 -0.287

subcortical
nuclei

210 226 0.1282 0.1391 0.0407

amygdala 9 15 0.1216 0.1471 0.0947

-0.285

basal ganglia 142 192 0.1967 0.2623 0.143

hippocampus 28 15 0.0819 0.0456

-0.755

cerebellum 277 229 0.0906 0.0744 -0.098 cerebellum 277 229 0.0906 0.0744 -0.098

thalamus 31 4 0.062 0.0087
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APPENDIX E-2-2-2-8 ROBO CARRY > FIXATION DOT 

Table 0-42: Voxel density numbers for the fMRI study’s supplementary areas from the contrast of 
ROBO carry > fixation dot (frontal lobe – temporal lobe)  Activation sizes are given as absolute values 
of active voxels for each lobe/main brain region, their constituting smaller regions and sub-
regions/Brodmann areas as well as in form of a relative number of activated voxels compared to total 
voxels within each level of spatial granularity. Absolute and relative sizes are subdivided into left- and 
right-hemispheric activation, with an additional lateralization index in form of a value ranging from -1 
(only left-hemispheric activation) to 1 (only right-hemispheric activation). 

 
  

left right left right left right left right left right left right
medial area 8 18 0 0.0783 0 -1

dorsolateral area 8 4 0 0.0153 0 -1
lateral area 9 0 0 0 0 0

dorsolateral area 6 17 43 0.0872 0.2108 0.4148
medial area 6 26 3 0.1256 0.0149 -0.788
medial area 9 0 0 0 0 0

medial area 10 0 0 0 0 0
dorsal area 9/46 0 0 0 0 0

inferior frontal junction 33 1 0.148 0.006 -0.923
area 46 0 0 0 0 0

ventral area 9/46 0 0 0 0 0
ventrolateral area 8 5 0 0.0174 0 -1
ventrolateral area 6 37 37 0.1968 0.1937 -0.008

lateral area10 0 2 0 0.0067 1
dorsal area 44 31 61 0.3131 0.5169 0.2455

inferior frontal sulcus 3 26 0.0263 0.2626 0.8178
caudal area 45 42 16 0.5185 0.1569 -0.536
rostral area 45 1 21 0.0087 0.1842 0.9098

opercular area 44 11 10 0.0743 0.0617 -0.093
ventral area 44 29 0 0.3718 0 -1
medial area 14 0 0 0 0 0

orbital area 12/47 5 28 0.035 0.2044 0.7078
lateral area 11 0 2 0 0.0056 1
medial area 11 0 0 0 0 0

area 13 1 0 0.0037 0 -1
lateral area 12/47 1 8 0.0056 0.0494 0.7947

area 4 (head and face region) 20 2 0.0741 0.0126 -0.71
caudal dorsolateral area 6 84 94 0.4421 0.3806 -0.075
area 4 (upper limb region) 1 0 0.0055 0 -1

area 4 (trunk region) 2 0 0.0227 0 -1
area 4 (tongue and larynx region) 0 0 0 0 0

caudal ventrolateral area 6 70 31 0.3211 0.1606 -0.333
area1/2/3 (lower limb region) 0 0 0 0 0

area 4 (lower limb region) 0 0 0 0 0
medial area 38 5 4 0.0234 0.0205 -0.065

area 41/42 0 0 0 0 0
TE1.0 and TE1.2 0 0 0 0 0
caudal area 22 0 0 0 0 0
lateral area 38 5 8 0.0305 0.0402 0.1374
rostral area 22 0 0 0 0 0
caudal area 21 0 0 0 0 0
rostral area 21 0 7 0 0.0249 1

dorsolateral area 37 57 39 0.3295 0.1806 -0.292
anterior superior temporal sulcus 0 0 0 0 0

intermediate ventral area 20 0 0 0 0 0
extreme lateroventral area 37 0 4 0 0.0556 1

rostral area 20 0 0 0 0 0
intermediate lateral area 20 0 0 0 0 0

ventrolateral area 37 64 65 0.4812 0.619 0.1253
caudolateral of area 20 0 6 0 0.0526 1
caudoventral of area 20 0 1 0 0.0057 1

rostroventral area 20 0 0 0 0 0
medioventral area 37 0 0 0 0 0
lateroventral area 37 0 11 0 0.043 1

rostral area 35/36 0 0 0 0 0
caudal area 35/36 0 6 0 0.1154 1

area TL (lateral PPHC, post. parahippoc. gyrus) 0 0 0 0 0
area 28/34 (EC, entorhinal cortex) 2 2 0.0408 0.0606 0.1951

area TI (temporal agranular insular cortex) 0 0 0 0 0
area TH (medial PPHC) 0 0 0 0 0

rostroposterior superior temporal sulcus 2 0 0.019 0 -1
caudoposterior superior temporal sulcus 20 0 0.1852 0 -1

22 0 0.1033 0 -1

2 8 0.0078 0.0316 0.6025

0 11 0 0.0138 1

64 76 0.071 0.0972 0.156

57 46 0.0695 0.044 -0.225

10 12 0.009 0.0123 0.1558

0 0 0 0 0

177 127 0.1618 0.121 -0.144

7 38 0.0058 0.0298 0.6738

117 134 0.1843 0.1979 0.0358

75 40 0.0418 0.0223 -0.304

65 46 0.04 0.0272 -0.19

385 0.0668 0.0567 -0.082

155 153 0.0372 0.0378 0.0088

supplementary areas of ROBO carry > fixation dot,  (pt. 1)

frontal
lobe

temporal
lobe

superior
frontal gyrus

middle
frontal gyrus

inferior
frontal gyrus

orbital gyrus

precentral gyrus

paracentral lobule

superior
temporal gyrus

middle
temporal gyrus

inferior
temporal gyrus

fusiform gyrus

parahippocampal
gyrus

posterior superior
temporal sulcus

441

Lat.Lobe
Abs. Size Rel. Size

Lat. Region
Abs. Size Rel. Size

Lat. Subregion
Abs. Size Rel. Size
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Table 0-43: Voxel density numbers for the fMRI study’s supplementary areas from the contrast of 
ROBO carry > fixation dot (parietal lobe – cerebellum)  Activation sizes are given as absolute values 
of active voxels for each lobe/main brain region, their constituting smaller regions and sub-
regions/Brodmann areas as well as in form of a relative number of activated voxels compared to total 
voxels within each level of spatial granularity. Absolute and relative sizes are subdivided into left- and 
right-hemispheric activation, with an additional lateralization index in form of a value ranging from -1 
(only left-hemispheric activation) to 1 (only right-hemispheric activation). 

 
  

left right left right left right left right left right left right
rostral area 7 0 23 0 0.1503 1
caudal area 7 0 0 0 0 0
lateral area 5 8 82 0.0537 0.6949 0.8566

postcentral area 7 41 37 0.2733 0.2517 -0.041
intraparietal area 7 (hIP3) 0 36 0 0.25 1

caudal area 39 (PGp) 0 77 0 0.2194 1
rostrodorsal area 39 (Hip3) 4 0 0.0165 0 -1
rostrodorsal area 40 (PFt) 115 65 0.3698 0.205 -0.287

caudal area 40 (PFm) 0 0 0 0 0
rostroventral area 39 (PGa) 49 17 0.1061 0.0424 -0.429
rostroventral area 40 (PFop) 18 0 0.057 0 -1

medial area 7 (PEp) 0 0 0 0 0
medial area 5 (PEm) 2 1 0.0123 0.0053 -0.396

dorsomedial parietooccipital  sulcus (PEr) 0 0 0 0 0
area 31 (Lc1) 0 0 0 0 0

area 1/2/3 (upper limb, head and face region) 6 0 0.0212 0 -1
area 1/2/3 (tongue and larynx region) 0 0 0 0 0

area 2 128 6 0.5714 0.0296 -0.902
area1/2/3 (trunk region) 27 0 0.1304 0 -1

hypergranular insula 0 0 0 0 0
ventral agranular insula 4 0 0.0597 0 -1
dorsal agranular insula 1 0 0.0119 0 -1

ventral dysgranular and granular insula 0 0 0 0 0
dorsal granular insula 0 0 0 0 0

dorsal dysgranular insula 0 0 0 0 0
dorsal area 23 0 0 0 0 0

rostroventral area 24 0 1 0 0.0125 1
pregenual area 32 0 0 0 0 0

ventral area 23 0 0 0 0 0
caudodorsal area 24 0 0 0 0 0

caudal area 23 0 0 0 0 0
subgenual area 32 0 0 0 0 0

caudal lingual gyrus 0 0 0 0 0
rostral cuneus gyrus 0 0 0 0 0
caudal cuneus gyrus 0 0 0 0 0
rostral lingual gyrus 0 0 0 0 0

ventromedial parietooccipital sulcus 0 0 0 0 0
middle occipital gyrus 0 0 0 0 0

area V5/MT+ 78 160 0.3421 0.6639 0.3199
occipital polar cortex 0 0 0 0 0

inferior occipital gyrus 0 1 0 0.0037 1
medial superior occipital gyrus 0 0 0 0 0
lateral superior occipital gyrus 0 0 0 0 0

medial amygdala 0 2 0 0.0323 1
lateral amygdala 0 0 0 0 0

rostral hippocampus 0 0 0 0 0
caudal hippocampus 7 1 0.0417 0.0058 -0.756

ventral caudate 1 0 0.0073 0 -1
globus pallidus 17 3 0.1977 0.033 -0.714

nucleus accumbens 0 1 0 0.0082 1
ventromedial putamen 7 0 0.0693 0 -1

dorsal caudate 0 0 0 0 0
dorsolateral putamen 2 0 0.0138 0 -1

medial pre-frontal thalamus 7 0 0.1207 0 -1
pre-motor thalamus 2 2 0.0455 0.0323 -0.17

sensory thalamus 12 22 0.2791 0.5 0.2836
rostral temporal thalamus 1 1 0.0169 0.0147 -0.071
posterior parietal thalamus 10 18 0.1282 0.2535 0.3283

occipital thalamus 9 6 0.1525 0.125 -0.099
caudal temporal thalamus 6 3 0.1017 0.0625 -0.239

lateral pre-frontal thalamus 31 15 0.31 0.1923 -0.234
lobules I-IV of cerebellar hemisphere 3 2 0.0155 0.0106 -0.185

lobule V of cerebellar hemisphere 0 0 0 0 0
lobule VI of cerebellar hemisphere 23 51 0.0482 0.1172 0.4172

crus I of cerebellar hemisphere 5 3 0.0071 0.0041 -0.27
crus II of cerebellar hemisphere 0 3 0 0.0057 1

lobule VIIb of cerebellar hemisphere 1 0 0.004 0 -1
lobule VIIIa of cerebellar hemisphere 4 0 0.0161 0 -1
lobule VIIIb of cerebellar hemisphere 2 0 0.01 0 -1

lobule IX of cerebellar hemisphere 15 7 0.0968 0.0359 -0.459
lobule X of cerebellar hemisphere 1 0 0.0286 0 -1

hippocampus 7 1 0.0205 0.003

-0.037

cerebellum 54 66 0.0177 0.0215 0.0973 cerebellum 54 66 0.0177 0.0215 0.0973

thalamus 78 67 0.156 0.145

1

161 0.0559 0.1107 0.3293

subcortical
nuclei

112 74 0.0684 0.0455 -0.201

amygdala 0 2 0 0.0196 1

-0.741

basal ganglia 27 4 0.0374 0.0055 -0.745

0 0 0

lateral
occipital cortex

78

1 cingulate gyrus 0 1 0

occipital
lobe

78 161 0.0314 0.0627 0.332

medioventral
occipital cortex

0 0

0 0.0014

-0.92

insular
lobe

5 0 0.0101 0 -1 insular gyrus 5 0 0.0101 0 -1

postcentral gyrus 161 6 0.1817 0.0076

0.0014 1
limbic
lobe

0

Region
Abs. Size Rel. Size

0.0944 0.0769 -0.102

precuneus 2 1 0.0025 0.0011 -0.391

Lat. Subregion
Abs. Size Rel. Size

supplementary areas of ROBO carry > fixation dot,  (pt. 2)

parietal
lobe

398 344 0.0914 0.0763 -0.09

superior
parietal lobule

49 178 0.0716 0.2472 0.5507

inferior
parietal lobule

186 159

Lat.Lobe
Abs. Size Rel. Size

Lat.
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APPENDIX E-2-2-2-9 BASE RETURN> FIXATION DOT 

Table 0-44: Voxel density numbers for the fMRI study’s supplementary areas from the contrast of 
BASE return > fixation dot (frontal lobe – temporal lobe)  Activation sizes are given as absolute values 
of active voxels for each lobe/main brain region, their constituting smaller regions and sub-
regions/Brodmann areas as well as in form of a relative number of activated voxels compared to total 
voxels within each level of spatial granularity. Absolute and relative sizes are subdivided into left- and 
right-hemispheric activation, with an additional lateralization index in form of a value ranging from -1 
(only left-hemispheric activation) to 1 (only right-hemispheric activation). 

 
  

left right left right left right left right left right left right
medial area 8 1 5 0.0043 0.0195 0.6358

dorsolateral area 8 2 0 0.0076 0 -1
lateral area 9 14 0 0.0625 0 -1

dorsolateral area 6 0 0 0 0 0
medial area 6 0 0 0 0 0
medial area 9 0 0 0 0 0

medial area 10 10 0 0.0334 0 -1
dorsal area 9/46 3 0 0.0093 0 -1

inferior frontal junction 70 0 0.3139 0 -1
area 46 0 0 0 0 0

ventral area 9/46 56 5 0.1873 0.0169 -0.834
ventrolateral area 8 19 1 0.066 0.0042 -0.88
ventrolateral area 6 4 0 0.0213 0 -1

lateral area10 0 0 0 0 0
dorsal area 44 38 42 0.3838 0.3559 -0.038

inferior frontal sulcus 85 24 0.7456 0.2424 -0.509
caudal area 45 31 12 0.3827 0.1176 -0.53
rostral area 45 26 0 0.2261 0 -1

opercular area 44 28 2 0.1892 0.0123 -0.878
ventral area 44 2 0 0.0256 0 -1
medial area 14 0 0 0 0 0

orbital area 12/47 3 0 0.021 0 -1
lateral area 11 0 13 0 0.0364 1
medial area 11 0 0 0 0 0

area 13 0 0 0 0 0
lateral area 12/47 10 0 0.0565 0 -1

area 4 (head and face region) 6 0 0.0222 0 -1
caudal dorsolateral area 6 0 4 0 0.0162 1
area 4 (upper limb region) 13 6 0.071 0.0321 -0.378

area 4 (trunk region) 0 2 0 0.0147 1
area 4 (tongue and larynx region) 0 0 0 0 0

caudal ventrolateral area 6 32 1 0.1468 0.0052 -0.932
area1/2/3 (lower limb region) 0 0 0 0 0

area 4 (lower limb region) 7 33 0.0464 0.1854 0.5999
medial area 38 2 0 0.0093 0 -1

area 41/42 1 0 0.0074 0 -1
TE1.0 and TE1.2 0 0 0 0 0
caudal area 22 1 0 0.0057 0 -1
lateral area 38 0 6 0 0.0302 1
rostral area 22 0 0 0 0 0
caudal area 21 0 0 0 0 0
rostral area 21 0 0 0 0 0

dorsolateral area 37 0 0 0 0 0
anterior superior temporal sulcus 0 0 0 0 0

intermediate ventral area 20 0 0 0 0 0
extreme lateroventral area 37 0 0 0 0 0

rostral area 20 0 0 0 0 0
intermediate lateral area 20 0 0 0 0 0

ventrolateral area 37 18 0 0.1353 0 -1
caudolateral of area 20 22 0 0.1583 0 -1
caudoventral of area 20 0 0 0 0 0

rostroventral area 20 0 0 0 0 0
medioventral area 37 0 0 0 0 0
lateroventral area 37 2 0 0.007 0 -1

rostral area 35/36 0 0 0 0 0
caudal area 35/36 0 0 0 0 0

area TL (lateral PPHC, post. parahippoc. gyrus) 0 0 0 0 0
area 28/34 (EC, entorhinal cortex) 0 0 0 0 0

area TI (temporal agranular insular cortex) 0 0 0 0 0
area TH (medial PPHC) 0 0 0 0 0

rostroposterior superior temporal sulcus 0 0 0 0 0
caudoposterior superior temporal sulcus 7 0 0.0648 0 -1

7 0 0.0329 0 -1

0 0 0 0 0

2 0 0.0023 0 -1

40 0 0.0443 0 -1

0 0 0 0 0

4 6 0.0036 0.0061 0.2624

7 33 0.0287 0.1068 0.5765

51 13 0.0466 0.0124 -0.58

13 13 0.0108 0.0102 -0.028

210 80 0.3307 0.1182 -0.474

152 6 0.0847 0.0034 -0.924

27 5 0.0166 0.003 -0.697

150 0.0697 0.0221 -0.519

53 6 0.0127 0.0015 -0.791

supplementary areas of BASE return > fixation dot,  (pt. 1)

frontal
lobe

temporal
lobe

superior
frontal gyrus

middle
frontal gyrus

inferior
frontal gyrus

orbital gyrus

precentral gyrus

paracentral lobule

superior
temporal gyrus

middle
temporal gyrus

inferior
temporal gyrus

fusiform gyrus

parahippocampal
gyrus

posterior superior
temporal sulcus

460

Lat.Lobe
Abs. Size Rel. Size

Lat. Region
Abs. Size Rel. Size

Lat. Subregion
Abs. Size Rel. Size
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Table 0-45: Voxel density numbers for the fMRI study’s supplementary areas from the contrast of 
BASE return > fixation dot (parietal lobe – cerebellum)  Activation sizes are given as absolute values 
of active voxels for each lobe/main brain region, their constituting smaller regions and sub-
regions/Brodmann areas as well as in form of a relative number of activated voxels compared to total 
voxels within each level of spatial granularity. Absolute and relative sizes are subdivided into left- and 
right-hemispheric activation, with an additional lateralization index in form of a value ranging from -1 
(only left-hemispheric activation) to 1 (only right-hemispheric activation). 

 
  

left right left right left right left right left right left right
rostral area 7 0 0 0 0 0
caudal area 7 0 0 0 0 0
lateral area 5 23 0 0.1544 0 -1

postcentral area 7 0 0 0 0 0
intraparietal area 7 (hIP3) 1 8 0.0081 0.0556 0.7465

caudal area 39 (PGp) 3 1 0.0094 0.0028 -0.536
rostrodorsal area 39 (Hip3) 71 35 0.2934 0.1228 -0.41
rostrodorsal area 40 (PFt) 1 2 0.0032 0.0063 0.3248

caudal area 40 (PFm) 1 0 0.0031 0 -1
rostroventral area 39 (PGa) 24 4 0.0519 0.01 -0.678
rostroventral area 40 (PFop) 4 0 0.0127 0 -1

medial area 7 (PEp) 2 1 0.0124 0.0083 -0.201
medial area 5 (PEm) 0 0 0 0 0

dorsomedial parietooccipital  sulcus (PEr) 3 0 0.0116 0 -1
area 31 (Lc1) 9 11 0.0391 0.0396 0.0056

area 1/2/3 (upper limb, head and face region) 1 0 0.0035 0 -1
area 1/2/3 (tongue and larynx region) 0 0 0 0 0

area 2 0 0 0 0 0
area1/2/3 (trunk region) 0 0 0 0 0

hypergranular insula 0 0 0 0 0
ventral agranular insula 0 0 0 0 0
dorsal agranular insula 0 0 0 0 0

ventral dysgranular and granular insula 0 0 0 0 0
dorsal granular insula 4 0 0.0488 0 -1

dorsal dysgranular insula 0 0 0 0 0
dorsal area 23 53 34 0.3581 0.3091 -0.074

rostroventral area 24 2 2 0.0364 0.025 -0.185
pregenual area 32 0 0 0 0 0

ventral area 23 29 24 0.271 0.2727 0.0031
caudodorsal area 24 0 0 0 0 0

caudal area 23 0 0 0 0 0
subgenual area 32 0 0 0 0 0

caudal lingual gyrus 0 0 0 0 0
rostral cuneus gyrus 0 0 0 0 0
caudal cuneus gyrus 0 0 0 0 0
rostral lingual gyrus 0 0 0 0 0

ventromedial parietooccipital sulcus 0 0 0 0 0
middle occipital gyrus 0 0 0 0 0

area V5/MT+ 0 0 0 0 0
occipital polar cortex 0 0 0 0 0

inferior occipital gyrus 0 0 0 0 0
medial superior occipital gyrus 12 4 0.0663 0.0208 -0.522
lateral superior occipital gyrus 0 0 0 0 0

medial amygdala 0 0 0 0 0
lateral amygdala 0 0 0 0 0

rostral hippocampus 0 0 0 0 0
caudal hippocampus 4 2 0.0238 0.0116 -0.346

ventral caudate 0 0 0 0 0
globus pallidus 5 0 0.0581 0 -1

nucleus accumbens 0 0 0 0 0
ventromedial putamen 0 0 0 0 0

dorsal caudate 0 0 0 0 0
dorsolateral putamen 6 0 0.0414 0 -1

medial pre-frontal thalamus 0 0 0 0 0
pre-motor thalamus 2 0 0.0455 0 -1

sensory thalamus 7 10 0.1628 0.2273 0.1653
rostral temporal thalamus 0 0 0 0 0
posterior parietal thalamus 3 0 0.0385 0 -1

occipital thalamus 0 1 0 0.0208 1
caudal temporal thalamus 0 0 0 0 0

lateral pre-frontal thalamus 1 2 0.01 0.0256 0.4388
lobules I-IV of cerebellar hemisphere 17 0 0.0876 0 -1

lobule V of cerebellar hemisphere 13 6 0.0586 0.0293 -0.334
lobule VI of cerebellar hemisphere 8 0 0.0168 0 -1

crus I of cerebellar hemisphere 18 18 0.0254 0.0243 -0.021
crus II of cerebellar hemisphere 6 18 0.0105 0.0342 0.5289

lobule VIIb of cerebellar hemisphere 1 0 0.004 0 -1
lobule VIIIa of cerebellar hemisphere 9 0 0.0361 0 -1
lobule VIIIb of cerebellar hemisphere 0 0 0 0 0

lobule IX of cerebellar hemisphere 0 2 0 0.0103 1
lobule X of cerebellar hemisphere 0 1 0 0.0244 1

Subregion
Abs. Size Rel. Size

supplementary areas of BASE return > fixation dot,  (pt. 2)

parietal
lobe

143 62 0.0329 0.0138 -0.41

superior
parietal lobule

24 8 0.0351 0.0111 -0.519

inferior
parietal lobule

104 42

Lat.Lobe
Abs. Size Rel. Size

Lat. Region
Abs. Size Rel. Size

0.0528 0.0203 -0.444

precuneus 14 12 0.0172 0.0129 -0.143

Lat.

0.0914 0.0815

-1

insular
lobe

4 0 0.0081 0 -1 insular gyrus 4 0 0.0081 0 -1

postcentral gyrus 1 0 0.0011 0

0.0815 -0.057
limbic
lobe

84

occipital
lobe

12 4 0.0048 0.0016 -0.513

medioventral
occipital cortex

0 0 0 0 0

lateral
occipital cortex

12

-0.057 cingulate gyrus 84 60 0.091460

4 0.0086 0.0028 -0.515

subcortical
nuclei

28 15 0.0171 0.0092 -0.299

amygdala 0 0 0 0 0

-0.316

basal ganglia 11 0 0.0152 0 -1

hippocampus 4 2 0.0117 0.0061

0.0395

cerebellum 72 45 0.0235 0.0146 -0.233 cerebellum 72 45 0.0235 0.0146 -0.233

thalamus 13 13 0.026 0.0281
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APPENDIX E-2-2-2-10 ROBO RETURN > FIXATION DOT 

Table 0-46: Voxel density numbers for the fMRI study’s supplementary areas from the contrast of 
ROBO return > fixation dot (frontal lobe – temporal lobe)  Activation sizes are given as absolute 
values of active voxels for each lobe/main brain region, their constituting smaller regions and sub-
regions/Brodmann areas as well as in form of a relative number of activated voxels compared to total 
voxels within each level of spatial granularity. Absolute and relative sizes are subdivided into left- and 
right-hemispheric activation, with an additional lateralization index in form of a value ranging from -1 
(only left-hemispheric activation) to 1 (only right-hemispheric activation). 

 
  

left right left right left right left right left right left right
medial area 8 30 0 0.1304 0 -1

dorsolateral area 8 28 0 0.1069 0 -1
lateral area 9 0 0 0 0 0

dorsolateral area 6 38 67 0.1949 0.3284 0.2552
medial area 6 60 14 0.2899 0.0697 -0.613
medial area 9 6 2 0.0287 0.0074 -0.59

medial area 10 0 4 0 0.0146 1
dorsal area 9/46 0 0 0 0 0

inferior frontal junction 5 3 0.0224 0.0179 -0.113
area 46 0 0 0 0 0

ventral area 9/46 0 0 0 0 0
ventrolateral area 8 18 0 0.0625 0 -1
ventrolateral area 6 2 36 0.0106 0.1885 0.8931

lateral area10 0 0 0 0 0
dorsal area 44 0 11 0 0.0932 1

inferior frontal sulcus 0 0 0 0 0
caudal area 45 7 0 0.0864 0 -1
rostral area 45 7 0 0.0609 0 -1

opercular area 44 12 0 0.0811 0 -1
ventral area 44 0 0 0 0 0
medial area 14 0 0 0 0 0

orbital area 12/47 31 20 0.2168 0.146 -0.195
lateral area 11 5 20 0.0176 0.056 0.5218
medial area 11 7 8 0.0389 0.0379 -0.013

area 13 12 7 0.0444 0.0314 -0.172
lateral area 12/47 69 4 0.3898 0.0247 -0.881

area 4 (head and face region) 36 33 0.1333 0.2075 0.2177
caudal dorsolateral area 6 53 122 0.2789 0.4939 0.2782
area 4 (upper limb region) 39 31 0.2131 0.1658 -0.125

area 4 (trunk region) 10 15 0.1136 0.1103 -0.015
area 4 (tongue and larynx region) 0 0 0 0 0

caudal ventrolateral area 6 0 0 0 0 0
area1/2/3 (lower limb region) 13 19 0.1398 0.145 0.0184

area 4 (lower limb region) 25 16 0.1656 0.0899 -0.296
medial area 38 2 0 0.0093 0 -1

area 41/42 8 0 0.0593 0 -1
TE1.0 and TE1.2 3 0 0.0126 0 -1
caudal area 22 10 17 0.0568 0.1259 0.3782
lateral area 38 13 11 0.0793 0.0553 -0.178
rostral area 22 0 30 0 0.2703 1
caudal area 21 0 0 0 0 0
rostral area 21 0 24 0 0.0854 1

dorsolateral area 37 15 41 0.0867 0.1898 0.3729
anterior superior temporal sulcus 24 105 0.1034 0.3009 0.4883

intermediate ventral area 20 1 4 0.0104 0.0667 0.7297
extreme lateroventral area 37 1 4 0.0112 0.0556 0.6636

rostral area 20 0 0 0 0 0
intermediate lateral area 20 0 4 0 0.0292 1

ventrolateral area 37 10 37 0.0752 0.3524 0.6483
caudolateral of area 20 0 2 0 0.0175 1
caudoventral of area 20 0 5 0 0.0286 1

rostroventral area 20 7 7 0.0229 0.0231 0.0049
medioventral area 37 1 0 0.0037 0 -1
lateroventral area 37 5 5 0.0175 0.0195 0.0536

rostral area 35/36 1 5 0.0192 0.1136 0.7105
caudal area 35/36 9 30 0.2045 0.5769 0.4765

area TL (lateral PPHC, post. parahippoc. gyrus) 2 17 0.0392 0.4048 0.8233
area 28/34 (EC, entorhinal cortex) 8 14 0.1633 0.4242 0.4442

area TI (temporal agranular insular cortex) 1 0 0.0417 0 -1
area TH (medial PPHC) 0 7 0 0.1556 1

rostroposterior superior temporal sulcus 29 25 0.2762 0.2525 -0.045
caudoposterior superior temporal sulcus 4 40 0.037 0.4651 0.8525

33 65 0.1549 0.3514 0.388

21 73 0.0824 0.2885 0.5559

13 12 0.0151 0.015 -0.002

12 56 0.0133 0.0716 0.6867

39 170 0.0476 0.1625 0.5472

36 58 0.0322 0.0592 0.2953

38 35 0.1557 0.1133 -0.158

138 201 0.1261 0.1914 0.2056

124 59 0.1027 0.0462 -0.38

26 11 0.0409 0.0162 -0.432

25 39 0.0139 0.0218 0.2195

162 87 0.0996 0.0515 -0.318

432 0.0777 0.0636 -0.1

154 434 0.0369 0.1073 0.488

supplementary areas of ROBO return > fixation dot,  (pt. 1)

frontal
lobe

temporal
lobe

superior
frontal gyrus

middle
frontal gyrus

inferior
frontal gyrus

orbital gyrus

precentral gyrus

paracentral lobule

superior
temporal gyrus

middle
temporal gyrus

inferior
temporal gyrus

fusiform gyrus

parahippocampal
gyrus

posterior superior
temporal sulcus

513

Lat.Lobe
Abs. Size Rel. Size

Lat. Region
Abs. Size Rel. Size

Lat. Subregion
Abs. Size Rel. Size
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Table 0-47: Voxel density numbers for the fMRI study’s supplementary areas from the contrast of 
ROBO return > fixation dot (parietal lobe – cerebellum)  Activation sizes are given as absolute values 
of active voxels for each lobe/main brain region, their constituting smaller regions and sub-
regions/Brodmann areas as well as in form of a relative number of activated voxels compared to total 
voxels within each level of spatial granularity. Absolute and relative sizes are subdivided into left- and 
right-hemispheric activation, with an additional lateralization index in form of a value ranging from -1 
(only left-hemispheric activation) to 1 (only right-hemispheric activation). 

 
  

left right left right left right left right left right left right
rostral area 7 0 23 0 0.1503 1
caudal area 7 0 0 0 0 0
lateral area 5 13 42 0.0872 0.3559 0.6063

postcentral area 7 55 53 0.3667 0.3605 -0.008
intraparietal area 7 (hIP3) 0 10 0 0.0694 1

caudal area 39 (PGp) 7 86 0.022 0.245 0.8351
rostrodorsal area 39 (Hip3) 0 4 0 0.014 1
rostrodorsal area 40 (PFt) 5 0 0.0161 0 -1

caudal area 40 (PFm) 0 0 0 0 0
rostroventral area 39 (PGa) 5 38 0.0108 0.0948 0.795
rostroventral area 40 (PFop) 41 22 0.1297 0.0604 -0.364

medial area 7 (PEp) 7 8 0.0435 0.0661 0.2066
medial area 5 (PEm) 14 22 0.0864 0.1176 0.153

dorsomedial parietooccipital  sulcus (PEr) 3 37 0.0116 0.1082 0.8066
area 31 (Lc1) 24 34 0.1043 0.1223 0.0792

area 1/2/3 (upper limb, head and face region) 39 19 0.1378 0.0739 -0.302
area 1/2/3 (tongue and larynx region) 0 6 0 0.0328 1

area 2 94 9 0.4196 0.0443 -0.809
area1/2/3 (trunk region) 60 17 0.2899 0.1126 -0.441

hypergranular insula 7 0 0.0745 0 -1
ventral agranular insula 34 11 0.5075 0.1864 -0.463
dorsal agranular insula 5 0 0.0595 0 -1

ventral dysgranular and granular insula 0 0 0 0 0
dorsal granular insula 0 4 0 0.0476 1

dorsal dysgranular insula 0 0 0 0 0
dorsal area 23 0 0 0 0 0

rostroventral area 24 0 3 0 0.0375 1
pregenual area 32 4 0 0.0299 0 -1

ventral area 23 0 3 0 0.0341 1
caudodorsal area 24 3 4 0.0263 0.0541 0.3451

caudal area 23 51 45 0.3054 0.2866 -0.032
subgenual area 32 1 0 0.0052 0 -1

caudal lingual gyrus 18 21 0.125 0.12 -0.02
rostral cuneus gyrus 53 63 0.2218 0.2716 0.1009
caudal cuneus gyrus 5 12 0.0259 0.0656 0.4336
rostral lingual gyrus 55 105 0.2489 0.4303 0.2672

ventromedial parietooccipital sulcus 36 66 0.125 0.2357 0.3069
middle occipital gyrus 0 0 0 0 0

area V5/MT+ 7 46 0.0307 0.1909 0.7229
occipital polar cortex 0 0 0 0 0

inferior occipital gyrus 0 0 0 0 0
medial superior occipital gyrus 30 16 0.1657 0.0833 -0.331
lateral superior occipital gyrus 0 0 0 0 0

medial amygdala 19 12 0.3725 0.1935 -0.316
lateral amygdala 0 5 0 0.125 1

rostral hippocampus 31 25 0.1782 0.1603 -0.053
caudal hippocampus 9 26 0.0536 0.1503 0.4744

ventral caudate 21 23 0.1533 0.2233 0.1859
globus pallidus 4 8 0.0465 0.0879 0.308

nucleus accumbens 24 39 0.25 0.3197 0.1223
ventromedial putamen 18 7 0.1782 0.1111 -0.232

dorsal caudate 0 0 0 0 0
dorsolateral putamen 0 0 0 0 0

medial pre-frontal thalamus 3 0 0.0517 0 -1
pre-motor thalamus 1 0 0.0227 0 -1

sensory thalamus 10 1 0.2326 0.0227 -0.822
rostral temporal thalamus 0 0 0 0 0
posterior parietal thalamus 4 4 0.0513 0.0563 0.047

occipital thalamus 4 0 0.0678 0 -1
caudal temporal thalamus 7 0 0.1186 0 -1

lateral pre-frontal thalamus 7 0 0.07 0 -1
lobules I-IV of cerebellar hemisphere 15 40 0.0773 0.2128 0.4669

lobule V of cerebellar hemisphere 15 56 0.0676 0.2732 0.6034
lobule VI of cerebellar hemisphere 35 68 0.0734 0.1563 0.3611

crus I of cerebellar hemisphere 25 23 0.0353 0.0311 -0.063
crus II of cerebellar hemisphere 5 4 0.0088 0.0076 -0.072

lobule VIIb of cerebellar hemisphere 0 2 0 0.0073 1
lobule VIIIa of cerebellar hemisphere 0 2 0 0.008 1
lobule VIIIb of cerebellar hemisphere 0 0 0 0 0

lobule IX of cerebellar hemisphere 5 2 0.0323 0.0103 -0.518
lobule X of cerebellar hemisphere 0 0 0 0 0

hippocampus 40 51 0.117 0.155

-0.739

cerebellum 100 197 0.0327 0.064 0.3241 cerebellum 100 197 0.0327 0.064 0.3241

thalamus 36 5 0.072 0.0108

55

62 0.0265 0.0426 0.2334

subcortical
nuclei

162 150 0.0989 0.0923 -0.035

amygdala 19 17 0.2568 0.1667 -0.213

0.1399

basal ganglia 67 77 0.0928 0.1052 0.0626

0.1539 0.2397 0.2179

lateral
occipital cortex

37

0.0758 cingulate gyrus 59 55 0.0642

occipital
lobe

204 329 0.0822 0.1281 0.2182

medioventral
occipital cortex

167 267

0.0642 0.0747

-0.545

insular
lobe

46 15 0.0927 0.0334 -0.47 insular gyrus 46 15 0.0927 0.0334 -0.47

postcentral gyrus 193 51 0.2178 0.0642

0.0747 0.0758
limbic
lobe

59

Region
Abs. Size Rel. Size

0.0294 0.0726 0.423

precuneus 48 101 0.0591 0.1088 0.2961

Lat. Subregion
Abs. Size Rel. Size

supplementary areas of ROBO return > fixation dot,  (pt. 2)

parietal
lobe

367 430 0.0843 0.0954 0.0615

superior
parietal lobule

68 128 0.0994 0.1778 0.2827

inferior
parietal lobule

58 150

Lat.Lobe
Abs. Size Rel. Size

Lat.
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APPENDIX E-3 ICA 

APPENDIX E-3-1 ICASSO SIMILARITY GRAPH 

 
Figure 0-17. ICASSO similarity graph for components of the final Independent Component 
Analysis. Estimation clusters are represented by areas, with larger area sizes indicating less reliable 
component estimations. 
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APPENDIX E-3-2 ACTIVATION PATTERNS OF ALL COMPONENTS 

 
Figure 0-18: Activation maps for ICA components 1-6 with a z-score of ≥ 3.3 and a cluster size of ≥ 
10 voxels. The component maps are depicted in colors corresponding to their z-scores superimposed over 
axial slices of the mean of all 5 participants’ normalized structural scans. 
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Figure 0-19: Activation maps for ICA components 10-15 with a z-score of ≥ 3.3 and a cluster size 
of ≥ 10 voxels. The component maps are depicted in colors corresponding to their z-scores superimposed 
over axial slices of the mean of all 5 participants’ normalized structural scans. 
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APPENDIX E-3-3 VOXEL DENSITY TABLES OF TASK-RELEVANT 

COMPONENTS 

APPENDIX E-3-3-1 COMPONENT 1 

Table 0-48: Voxel density numbers for the fMRI study’s ICA component 1 (frontal lobe – temporal 
lobe) Activation sizes are given as absolute values of active voxels for each lobe/main brain region, their 
constituting smaller regions and sub-regions/Brodmann areas as well as in form of a relative number of 
activated voxels compared to total voxels within each level of spatial granularity. Absolute and relative 
sizes are subdivided into left- and right-hemispheric activation, with an additional lateralization index 
in form of a value ranging from -1 (only left-hemispheric activation) to 1 (only right-hemispheric 
activation). 

 

left right left right left right left right left right left right
medial area 8 0 0 0 0 0

dorsolateral area 8 0 0 0 0 0
lateral area 9 0 0 0 0 0

dorsolateral area 6 0 0 0 0 0
medial area 6 0 0 0 0 0
medial area 9 0 0 0 0 0

medial area 10 0 0 0 0 0
dorsal area 9/46 0 0 0 0 0

inferior frontal junction 0 0 0 0 0
area 46 0 0 0 0 0

ventral area 9/46 0 0 0 0 0
ventrolateral area 8 0 0 0 0 0
ventrolateral area 6 0 0 0 0 0

lateral area10 0 0 0 0 0
dorsal area 44 0 0 0 0 0

inferior frontal sulcus 0 0 0 0 0
caudal area 45 0 0 0 0 0
rostral area 45 0 0 0 0 0

opercular area 44 0 0 0 0 0
ventral area 44 0 0 0 0 0
medial area 14 0 0 0 0 0

orbital area 12/47 0 0 0 0 0
lateral area 11 0 0 0 0 0
medial area 11 0 0 0 0 0

area 13 0 0 0 0 0
lateral area 12/47 0 0 0 0 0

area 4 (head and face region) 0 0 0 0 0
caudal dorsolateral area 6 0 0 0 0 0
area 4 (upper limb region) 0 0 0 0 0

area 4 (trunk region) 0 0 0 0 0
area 4 (tongue and larynx region) 0 0 0 0 0

caudal ventrolateral area 6 0 0 0 0 0
area1/2/3 (lower limb region) 0 0 0 0 0

area 4 (lower limb region) 0 0 0 0 0
medial area 38 0 0 0 0 0

area 41/42 0 0 0 0 0
TE1.0 and TE1.2 0 0 0 0 0
caudal area 22 0 0 0 0 0
lateral area 38 0 0 0 0 0
rostral area 22 0 0 0 0 0
caudal area 21 0 0 0 0 0
rostral area 21 0 0 0 0 0

dorsolateral area 37 0 0 0 0 0
anterior superior temporal sulcus 0 0 0 0 0

intermediate ventral area 20 0 0 0 0 0
extreme lateroventral area 37 2 1 0.0225 0.0139 -0.236

rostral area 20 0 0 0 0 0
intermediate lateral area 20 0 0 0 0 0

ventrolateral area 37 0 0 0 0 0
caudolateral of area 20 0 0 0 0 0
caudoventral of area 20 0 0 0 0 0

rostroventral area 20 0 0 0 0 0
medioventral area 37 225 199 0.8272 0.8292 0.0012
lateroventral area 37 56 81 0.1965 0.3164 0.2338

rostral area 35/36 0 0 0 0 0
caudal area 35/36 0 0 0 0 0

area TL (lateral PPHC, post. parahippoc. gyrus) 0 0 0 0 0
area 28/34 (EC, entorhinal cortex) 0 0 0 0 0

area TI (temporal agranular insular cortex) 0 0 0 0 0
area TH (medial PPHC) 0 0 0 0 0

rostroposterior superior temporal sulcus 0 0 0 0 0
caudoposterior superior temporal sulcus 0 0 0 0 0

0 0 0 0 0

0 0 0 0 0

281 280 0.3256 0.3504 0.0367

2 1 0.0022 0.0013 -0.269

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0

0 0 0 0

283 281 0.0679 0.0695 0.0118

ICA component 1,  (pt. 1)

frontal
lobe

temporal
lobe

superior
frontal gyrus

middle
frontal gyrus

inferior
frontal gyrus

orbital gyrus

precentral gyrus

paracentral lobule

superior
temporal gyrus

middle
temporal gyrus

inferior
temporal gyrus

fusiform gyrus

parahippocampal
gyrus

posterior superior
temporal sulcus

0

Lat.Lobe
Abs. Size Rel. Size

Lat. Region
Abs. Size Rel. Size

Lat. Subregion
Abs. Size Rel. Size
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Table 0-49: Voxel density numbers for the fMRI study’s ICA component 1 (parietal lobe – 
cerebellum) Activation sizes are given as absolute values of active voxels for each lobe/main brain 
region, their constituting smaller regions and sub-regions/Brodmann areas as well as in form of a relative 
number of activated voxels compared to total voxels within each level of spatial granularity. Absolute 
and relative sizes are subdivided into left- and right-hemispheric activation, with an additional 
lateralization index in form of a value ranging from -1 (only left-hemispheric activation) to 1 (only right-
hemispheric activation). 

 
  

left right left right left right left right left right left right
rostral area 7 0 0 0 0 0
caudal area 7 0 0 0 0 0
lateral area 5 0 0 0 0 0

postcentral area 7 0 0 0 0 0
intraparietal area 7 (hIP3) 0 0 0 0 0

caudal area 39 (PGp) 81 15 0.2547 0.0427 -0.713
rostrodorsal area 39 (Hip3) 0 0 0 0 0
rostrodorsal area 40 (PFt) 0 0 0 0 0

caudal area 40 (PFm) 0 0 0 0 0
rostroventral area 39 (PGa) 0 0 0 0 0
rostroventral area 40 (PFop) 0 0 0 0 0

medial area 7 (PEp) 0 0 0 0 0
medial area 5 (PEm) 0 0 0 0 0

dorsomedial parietooccipital  sulcus (PEr) 0 0 0 0 0
area 31 (Lc1) 0 0 0 0 0

area 1/2/3 (upper limb, head and face region) 0 0 0 0 0
area 1/2/3 (tongue and larynx region) 0 0 0 0 0

area 2 0 0 0 0 0
area1/2/3 (trunk region) 0 0 0 0 0

hypergranular insula 0 0 0 0 0
ventral agranular insula 0 0 0 0 0
dorsal agranular insula 0 0 0 0 0

ventral dysgranular and granular insula 0 0 0 0 0
dorsal granular insula 0 0 0 0 0

dorsal dysgranular insula 0 0 0 0 0
dorsal area 23 0 0 0 0 0

rostroventral area 24 0 0 0 0 0
pregenual area 32 0 0 0 0 0

ventral area 23 0 0 0 0 0
caudodorsal area 24 0 0 0 0 0

caudal area 23 0 0 0 0 0
subgenual area 32 0 0 0 0 0

caudal lingual gyrus 73 126 0.5069 0.72 0.1736
rostral cuneus gyrus 0 0 0 0 0
caudal cuneus gyrus 107 38 0.5544 0.2077 -0.455
rostral lingual gyrus 9 14 0.0407 0.0574 0.1698

ventromedial parietooccipital sulcus 0 0 0 0 0
middle occipital gyrus 193 211 0.8075 0.8792 0.0425

area V5/MT+ 29 36 0.1272 0.1494 0.0802
occipital polar cortex 200 257 0.6993 0.9018 0.1265

inferior occipital gyrus 269 256 0.9244 0.9481 0.0127
medial superior occipital gyrus 0 3 0 0.0156 1
lateral superior occipital gyrus 12 32 0.0702 0.1416 0.3372

medial amygdala 0 0 0 0 0
lateral amygdala 0 0 0 0 0

rostral hippocampus 0 0 0 0 0
caudal hippocampus 0 0 0 0 0

ventral caudate 0 0 0 0 0
globus pallidus 0 0 0 0 0

nucleus accumbens 0 0 0 0 0
ventromedial putamen 0 0 0 0 0

dorsal caudate 0 0 0 0 0
dorsolateral putamen 0 0 0 0 0

medial pre-frontal thalamus 0 0 0 0 0
pre-motor thalamus 0 0 0 0 0

sensory thalamus 0 0 0 0 0
rostral temporal thalamus 0 0 0 0 0
posterior parietal thalamus 0 0 0 0 0

occipital thalamus 0 0 0 0 0
caudal temporal thalamus 0 0 0 0 0

lateral pre-frontal thalamus 0 0 0 0 0
lobules I-IV of cerebellar hemisphere 0 0 0 0 0

lobule V of cerebellar hemisphere 0 0 0 0 0
lobule VI of cerebellar hemisphere 95 92 0.1992 0.2115 0.03

crus I of cerebellar hemisphere 94 106 0.1326 0.1432 0.0387
crus II of cerebellar hemisphere 0 0 0 0 0

lobule VIIb of cerebellar hemisphere 0 0 0 0 0
lobule VIIIa of cerebellar hemisphere 0 0 0 0 0
lobule VIIIb of cerebellar hemisphere 1 0 0.005 0 -1

lobule IX of cerebellar hemisphere 0 0 0 0 0
lobule X of cerebellar hemisphere 0 0 0 0 0

hippocampus 0 0 0 0

0

cerebellum 190 198 0.0621 0.0644 0.0178 cerebellum 190 198 0.0621 0.0644 0.0178

thalamus 0 0 0 0

0

795 0.5036 0.5468 0.0411

subcortical
nuclei

0 0 0 0 0

amygdala 0 0 0 0 0

0

basal ganglia 0 0 0 0 0

0.1742 0.1598 -0.043

lateral
occipital cortex

703

0 cingulate gyrus 0 0 0

occipital
lobe

892 973 0.3595 0.3789 0.0262

medioventral
occipital cortex

189 178

0 0

0

insular
lobe

0 0 0 0 0 insular gyrus 0 0 0 0 0

postcentral gyrus 0 0 0 0

0 0
limbic
lobe

0

Region
Abs. Size Rel. Size

0.0411 0.0073 -0.7

precuneus 0 0 0 0 0

Lat. Subregion
Abs. Size Rel. Size

ICA component 1,  (pt. 2)

parietal
lobe

81 15 0.0186 0.0033 -0.697

superior
parietal lobule

0 0 0 0 0

inferior
parietal lobule

81 15

Lat.Lobe
Abs. Size Rel. Size

Lat.
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APPENDIX E-3-3-2 COMPONENT 3 

Table 0-50: Voxel density numbers for the fMRI study’s ICA component 3 (frontal lobe – temporal 
lobe) Activation sizes are given as absolute values of active voxels for each lobe/main brain region, their 
constituting smaller regions and sub-regions/Brodmann areas as well as in form of a relative number of 
activated voxels compared to total voxels within each level of spatial granularity. Absolute and relative 
sizes are subdivided into left- and right-hemispheric activation, with an additional lateralization index 
in form of a value ranging from -1 (only left-hemispheric activation) to 1 (only right-hemispheric 
activation). 

 
  

left right left right left right left right left right left right
medial area 8 0 0 0 0 0

dorsolateral area 8 0 0 0 0 0
lateral area 9 0 0 0 0 0

dorsolateral area 6 44 36 0.2256 0.1765 -0.122
medial area 6 0 0 0 0 0
medial area 9 0 0 0 0 0

medial area 10 0 0 0 0 0
dorsal area 9/46 0 0 0 0 0

inferior frontal junction 0 0 0 0 0
area 46 0 0 0 0 0

ventral area 9/46 0 0 0 0 0
ventrolateral area 8 0 0 0 0 0
ventrolateral area 6 24 16 0.1277 0.0838 -0.208

lateral area10 0 0 0 0 0
dorsal area 44 0 0 0 0 0

inferior frontal sulcus 0 0 0 0 0
caudal area 45 0 0 0 0 0
rostral area 45 0 0 0 0 0

opercular area 44 0 0 0 0 0
ventral area 44 0 0 0 0 0
medial area 14 0 0 0 0 0

orbital area 12/47 0 0 0 0 0
lateral area 11 0 0 0 0 0
medial area 11 0 0 0 0 0

area 13 0 0 0 0 0
lateral area 12/47 0 0 0 0 0

area 4 (head and face region) 0 0 0 0 0
caudal dorsolateral area 6 20 7 0.1053 0.0283 -0.576
area 4 (upper limb region) 0 0 0 0 0

area 4 (trunk region) 0 1 0 0.0074 1
area 4 (tongue and larynx region) 0 0 0 0 0

caudal ventrolateral area 6 0 0 0 0 0
area1/2/3 (lower limb region) 10 7 0.1075 0.0534 -0.336

area 4 (lower limb region) 0 1 0 0.0056 1
medial area 38 0 0 0 0 0

area 41/42 0 0 0 0 0
TE1.0 and TE1.2 0 0 0 0 0
caudal area 22 0 0 0 0 0
lateral area 38 0 0 0 0 0
rostral area 22 0 0 0 0 0
caudal area 21 0 0 0 0 0
rostral area 21 0 0 0 0 0

dorsolateral area 37 73 112 0.422 0.5185 0.1027
anterior superior temporal sulcus 0 0 0 0 0

intermediate ventral area 20 0 0 0 0 0
extreme lateroventral area 37 6 9 0.0674 0.125 0.2993

rostral area 20 0 0 0 0 0
intermediate lateral area 20 0 0 0 0 0

ventrolateral area 37 56 61 0.4211 0.581 0.1596
caudolateral of area 20 0 0 0 0 0
caudoventral of area 20 0 0 0 0 0

rostroventral area 20 0 0 0 0 0
medioventral area 37 1 2 0.0037 0.0083 0.3878
lateroventral area 37 7 19 0.0246 0.0742 0.5027

rostral area 35/36 0 0 0 0 0
caudal area 35/36 0 0 0 0 0

area TL (lateral PPHC, post. parahippoc. gyrus) 0 0 0 0 0
area 28/34 (EC, entorhinal cortex) 0 0 0 0 0

area TI (temporal agranular insular cortex) 0 0 0 0 0
area TH (medial PPHC) 0 0 0 0 0

rostroposterior superior temporal sulcus 0 0 0 0 0
caudoposterior superior temporal sulcus 0 0 0 0 0

Lat.Lobe
Abs. Size Rel. Size

Lat. Region
Abs. Size Rel. Size

Lat. Subregion
Abs. Size Rel. Size

ICA component 3,  (pt. 1)

frontal
lobe

temporal
lobe

superior
frontal gyrus

middle
frontal gyrus

inferior
frontal gyrus

orbital gyrus

precentral gyrus

paracentral lobule

superior
temporal gyrus

middle
temporal gyrus

inferior
temporal gyrus

fusiform gyrus

parahippocampal
gyrus

posterior superior
temporal sulcus

98 68 0.0148 0.01 -0.195

143 203 0.0343 0.0502 0.1882

44 36 0.0271 0.0213 -0.119

24 16 0.0134 0.0089 -0.199

0 0 0 0 0

0 0 0 0 0

20 8 0.0183 0.0076 -0.412

10 8 0.041 0.0259 -0.226

0 0 0 0 0

73 112 0.089 0.1071 0.092

62 70 0.0687 0.0895 0.1313

8 21 0.0093 0.0263 0.4785

0 0 0 0 0

0 0 0 0 0
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Table 0-51: Voxel density numbers for the fMRI study’s ICA component 3 (parietal lobe – 
cerebellum) Activation sizes are given as absolute values of active voxels for each lobe/main brain 
region, their constituting smaller regions and sub-regions/Brodmann areas as well as in form of a relative 
number of activated voxels compared to total voxels within each level of spatial granularity. Absolute 
and relative sizes are subdivided into left- and right-hemispheric activation, with an additional 
lateralization index in form of a value ranging from -1 (only left-hemispheric activation) to 1 (only right-
hemispheric activation). 

 
  

left right left right left right left right left right left right
rostral area 7 108 148 0.9076 0.9673 0.0319
caudal area 7 99 125 0.6972 0.7911 0.0631
lateral area 5 63 80 0.4228 0.678 0.2318

postcentral area 7 121 96 0.8067 0.6531 -0.105
intraparietal area 7 (hIP3) 60 55 0.4839 0.3819 -0.118

caudal area 39 (PGp) 5 68 0.0157 0.1937 0.8499
rostrodorsal area 39 (Hip3) 4 9 0.0165 0.0316 0.3128
rostrodorsal area 40 (PFt) 62 84 0.1994 0.265 0.1413

caudal area 40 (PFm) 0 1 0 0.0029 1
rostroventral area 39 (PGa) 9 7 0.0195 0.0175 -0.055
rostroventral area 40 (PFop) 0 0 0 0 0

medial area 7 (PEp) 65 72 0.4037 0.595 0.1916
medial area 5 (PEm) 54 86 0.3333 0.4599 0.1596

dorsomedial parietooccipital  sulcus (PEr) 0 0 0 0 0
area 31 (Lc1) 0 0 0 0 0

area 1/2/3 (upper limb, head and face region) 7 2 0.0247 0.0078 -0.521
area 1/2/3 (tongue and larynx region) 0 0 0 0 0

area 2 144 54 0.6429 0.266 -0.415
area1/2/3 (trunk region) 58 21 0.2802 0.1391 -0.337

hypergranular insula 0 0 0 0 0
ventral agranular insula 0 0 0 0 0
dorsal agranular insula 0 0 0 0 0

ventral dysgranular and granular insula 0 0 0 0 0
dorsal granular insula 0 0 0 0 0

dorsal dysgranular insula 0 0 0 0 0
dorsal area 23 0 0 0 0 0

rostroventral area 24 0 0 0 0 0
pregenual area 32 0 0 0 0 0

ventral area 23 0 0 0 0 0
caudodorsal area 24 0 0 0 0 0

caudal area 23 0 0 0 0 0
subgenual area 32 0 0 0 0 0

caudal lingual gyrus 0 0 0 0 0
rostral cuneus gyrus 0 0 0 0 0
caudal cuneus gyrus 0 0 0 0 0
rostral lingual gyrus 0 0 0 0 0

ventromedial parietooccipital sulcus 0 0 0 0 0
middle occipital gyrus 12 0 0.0502 0 -1

area V5/MT+ 162 186 0.7105 0.7718 0.0413
occipital polar cortex 0 0 0 0 0

inferior occipital gyrus 14 12 0.0481 0.0444 -0.04
medial superior occipital gyrus 2 18 0.011 0.0938 0.7891
lateral superior occipital gyrus 33 66 0.193 0.292 0.2042

medial amygdala 0 0 0 0 0
lateral amygdala 0 0 0 0 0

rostral hippocampus 0 0 0 0 0
caudal hippocampus 0 0 0 0 0

ventral caudate 0 0 0 0 0
globus pallidus 0 0 0 0 0

nucleus accumbens 0 0 0 0 0
ventromedial putamen 0 0 0 0 0

dorsal caudate 0 0 0 0 0
dorsolateral putamen 0 0 0 0 0

medial pre-frontal thalamus 0 0 0 0 0
pre-motor thalamus 0 0 0 0 0

sensory thalamus 0 0 0 0 0
rostral temporal thalamus 0 0 0 0 0
posterior parietal thalamus 0 0 0 0 0

occipital thalamus 0 0 0 0 0
caudal temporal thalamus 0 0 0 0 0

lateral pre-frontal thalamus 0 0 0 0 0
lobules I-IV of cerebellar hemisphere 0 0 0 0 0

lobule V of cerebellar hemisphere 0 0 0 0 0
lobule VI of cerebellar hemisphere 0 0 0 0 0

crus I of cerebellar hemisphere 0 23 0 0.0311 1
crus II of cerebellar hemisphere 0 0 0 0 0

lobule VIIb of cerebellar hemisphere 0 0 0 0 0
lobule VIIIa of cerebellar hemisphere 0 1 0 0.004 1
lobule VIIIb of cerebellar hemisphere 0 0 0 0 0

lobule IX of cerebellar hemisphere 0 0 0 0 0
lobule X of cerebellar hemisphere 0 1 0 0.0244 1

Subregion
Abs. Size Rel. Size

ICA component 3,  (pt. 2)

parietal
lobe

859 908 0.1973 0.2014 0.0101

superior
parietal lobule

451 504 0.6594 0.7 0.0299

inferior
parietal lobule

80 169

Lat.Lobe
Abs. Size Rel. Size

Lat. Region
Abs. Size Rel. Size

0.0406 0.0818 0.3365

precuneus 119 158 0.1466 0.1703 0.0748

Lat.

0 0

-0.417

insular
lobe

0 0 0 0 0 insular gyrus 0 0 0 0 0

postcentral gyrus 209 77 0.2359 0.097

0 0
limbic
lobe

0

occipital
lobe

223 282 0.0899 0.1098 0.0998

medioventral
occipital cortex

0 0 0 0 0

lateral
occipital cortex

223

0 cingulate gyrus 0 0 00

282 0.1597 0.1939 0.0967

subcortical
nuclei

0 0 0 0 0

amygdala 0 0 0 0 0

0

basal ganglia 0 0 0 0 0

hippocampus 0 0 0 0

0

cerebellum 0 25 0 0.0081 1 cerebellum 0 25 0 0.0081 1

thalamus 0 0 0 0
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APPENDIX E-3-3-3 COMPONENT 6 

Table 0-52: Voxel density numbers for the fMRI study’s ICA component 6 (frontal lobe – temporal 
lobe) Activation sizes are given as absolute values of active voxels for each lobe/main brain region, their 
constituting smaller regions and sub-regions/Brodmann areas as well as in form of a relative number of 
activated voxels compared to total voxels within each level of spatial granularity. Absolute and relative 
sizes are subdivided into left- and right-hemispheric activation, with an additional lateralization index 
in form of a value ranging from -1 (only left-hemispheric activation) to 1 (only right-hemispheric 
activation). 

 
  

left right left right left right left right left right left right
medial area 8 0 0 0 0 0

dorsolateral area 8 0 0 0 0 0
lateral area 9 0 0 0 0 0

dorsolateral area 6 0 0 0 0 0
medial area 6 0 0 0 0 0
medial area 9 0 0 0 0 0

medial area 10 0 0 0 0 0
dorsal area 9/46 0 0 0 0 0

inferior frontal junction 0 0 0 0 0
area 46 0 0 0 0 0

ventral area 9/46 0 0 0 0 0
ventrolateral area 8 0 0 0 0 0
ventrolateral area 6 0 0 0 0 0

lateral area10 0 0 0 0 0
dorsal area 44 0 0 0 0 0

inferior frontal sulcus 0 0 0 0 0
caudal area 45 0 0 0 0 0
rostral area 45 0 0 0 0 0

opercular area 44 0 0 0 0 0
ventral area 44 0 0 0 0 0
medial area 14 0 0 0 0 0

orbital area 12/47 0 0 0 0 0
lateral area 11 0 0 0 0 0
medial area 11 0 0 0 0 0

area 13 0 0 0 0 0
lateral area 12/47 0 0 0 0 0

area 4 (head and face region) 0 0 0 0 0
caudal dorsolateral area 6 0 0 0 0 0
area 4 (upper limb region) 0 0 0 0 0

area 4 (trunk region) 0 0 0 0 0
area 4 (tongue and larynx region) 0 0 0 0 0

caudal ventrolateral area 6 0 0 0 0 0
area1/2/3 (lower limb region) 0 0 0 0 0

area 4 (lower limb region) 0 0 0 0 0
medial area 38 0 0 0 0 0

area 41/42 0 0 0 0 0
TE1.0 and TE1.2 0 0 0 0 0
caudal area 22 0 0 0 0 0
lateral area 38 0 0 0 0 0
rostral area 22 0 0 0 0 0
caudal area 21 0 0 0 0 0
rostral area 21 0 0 0 0 0

dorsolateral area 37 0 0 0 0 0
anterior superior temporal sulcus 0 0 0 0 0

intermediate ventral area 20 0 0 0 0 0
extreme lateroventral area 37 0 0 0 0 0

rostral area 20 0 0 0 0 0
intermediate lateral area 20 0 0 0 0 0

ventrolateral area 37 0 0 0 0 0
caudolateral of area 20 0 0 0 0 0
caudoventral of area 20 0 0 0 0 0

rostroventral area 20 1 0 0.0033 0 -1
medioventral area 37 22 48 0.0809 0.2 0.4241
lateroventral area 37 0 0 0 0 0

rostral area 35/36 0 0 0 0 0
caudal area 35/36 0 0 0 0 0

area TL (lateral PPHC, post. parahippoc. gyrus) 0 0 0 0 0
area 28/34 (EC, entorhinal cortex) 0 0 0 0 0

area TI (temporal agranular insular cortex) 0 0 0 0 0
area TH (medial PPHC) 4 11 0.1143 0.2444 0.3628

rostroposterior superior temporal sulcus 0 0 0 0 0
caudoposterior superior temporal sulcus 0 0 0 0 0

0 0 0 0 0

4 11 0.0157 0.0435 0.4697

23 48 0.0267 0.0601 0.3854

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0

0 0 0 0

27 59 0.0065 0.0146 0.3852

ICA component 6,  (pt. 1)

frontal
lobe

temporal
lobe

superior
frontal gyrus

middle
frontal gyrus

inferior
frontal gyrus

orbital gyrus

precentral gyrus

paracentral lobule

superior
temporal gyrus

middle
temporal gyrus

inferior
temporal gyrus

fusiform gyrus

parahippocampal
gyrus

posterior superior
temporal sulcus

0

Lat.Lobe
Abs. Size Rel. Size

Lat. Region
Abs. Size Rel. Size

Lat. Subregion
Abs. Size Rel. Size
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Table 0-53: Voxel density numbers for the fMRI study’s ICA component 6 (parietal lobe – 
cerebellum) Activation sizes are given as absolute values of active voxels for each lobe/main brain 
region, their constituting smaller regions and sub-regions/Brodmann areas as well as in form of a relative 
number of activated voxels compared to total voxels within each level of spatial granularity. Absolute 
and relative sizes are subdivided into left- and right-hemispheric activation, with an additional 
lateralization index in form of a value ranging from -1 (only left-hemispheric activation) to 1 (only right-
hemispheric activation). 

 
  

left right left right left right left right left right left right
rostral area 7 0 0 0 0 0
caudal area 7 14 16 0.0986 0.1013 0.0134
lateral area 5 0 0 0 0 0

postcentral area 7 0 0 0 0 0
intraparietal area 7 (hIP3) 0 0 0 0 0

caudal area 39 (PGp) 0 0 0 0 0
rostrodorsal area 39 (Hip3) 0 0 0 0 0
rostrodorsal area 40 (PFt) 0 0 0 0 0

caudal area 40 (PFm) 0 0 0 0 0
rostroventral area 39 (PGa) 0 0 0 0 0
rostroventral area 40 (PFop) 0 0 0 0 0

medial area 7 (PEp) 16 24 0.0994 0.1983 0.3324
medial area 5 (PEm) 0 8 0 0.0428 1

dorsomedial parietooccipital  sulcus (PEr) 132 171 0.5097 0.5 -0.01
area 31 (Lc1) 9 4 0.0391 0.0144 -0.462

area 1/2/3 (upper limb, head and face region) 0 0 0 0 0
area 1/2/3 (tongue and larynx region) 0 0 0 0 0

area 2 0 0 0 0 0
area1/2/3 (trunk region) 0 0 0 0 0

hypergranular insula 0 0 0 0 0
ventral agranular insula 0 0 0 0 0
dorsal agranular insula 0 0 0 0 0

ventral dysgranular and granular insula 0 0 0 0 0
dorsal granular insula 0 0 0 0 0

dorsal dysgranular insula 0 0 0 0 0
dorsal area 23 0 0 0 0 0

rostroventral area 24 0 0 0 0 0
pregenual area 32 0 0 0 0 0

ventral area 23 24 12 0.2243 0.1364 -0.244
caudodorsal area 24 0 0 0 0 0

caudal area 23 0 0 0 0 0
subgenual area 32 0 0 0 0 0

caudal lingual gyrus 130 126 0.9028 0.72 -0.113
rostral cuneus gyrus 239 232 1 1 0
caudal cuneus gyrus 146 166 0.7565 0.9071 0.0905
rostral lingual gyrus 199 219 0.9005 0.8975 -0.002

ventromedial parietooccipital sulcus 285 277 0.9896 0.9893 -2E-04
middle occipital gyrus 13 9 0.0544 0.0375 -0.184

area V5/MT+ 0 0 0 0 0
occipital polar cortex 37 35 0.1294 0.1228 -0.026

inferior occipital gyrus 4 9 0.0137 0.0333 0.4161
medial superior occipital gyrus 168 159 0.9282 0.8281 -0.057
lateral superior occipital gyrus 14 8 0.0819 0.0354 -0.396

medial amygdala 0 0 0 0 0
lateral amygdala 0 0 0 0 0

rostral hippocampus 0 0 0 0 0
caudal hippocampus 0 0 0 0 0

ventral caudate 0 0 0 0 0
globus pallidus 0 0 0 0 0

nucleus accumbens 0 0 0 0 0
ventromedial putamen 0 0 0 0 0

dorsal caudate 0 0 0 0 0
dorsolateral putamen 0 0 0 0 0

medial pre-frontal thalamus 0 0 0 0 0
pre-motor thalamus 0 0 0 0 0

sensory thalamus 0 0 0 0 0
rostral temporal thalamus 0 0 0 0 0
posterior parietal thalamus 0 0 0 0 0

occipital thalamus 0 0 0 0 0
caudal temporal thalamus 0 0 0 0 0

lateral pre-frontal thalamus 0 0 0 0 0
lobules I-IV of cerebellar hemisphere 4 3 0.0206 0.016 -0.127

lobule V of cerebellar hemisphere 14 14 0.0631 0.0683 0.0398
lobule VI of cerebellar hemisphere 27 29 0.0566 0.0667 0.0816

crus I of cerebellar hemisphere 0 5 0 0.0068 1
crus II of cerebellar hemisphere 0 0 0 0 0

lobule VIIb of cerebellar hemisphere 0 0 0 0 0
lobule VIIIa of cerebellar hemisphere 0 0 0 0 0
lobule VIIIb of cerebellar hemisphere 0 0 0 0 0

lobule IX of cerebellar hemisphere 0 0 0 0 0
lobule X of cerebellar hemisphere 0 0 0 0 0

hippocampus 0 0 0 0

0

cerebellum 45 51 0.0147 0.0166 0.0597 cerebellum 45 51 0.0147 0.0166 0.0597

thalamus 0 0 0 0

12

220 0.1691 0.1513 -0.055

subcortical
nuclei

0 0 0 0 0

amygdala 0 0 0 0 0

0

basal ganglia 0 0 0 0 0

0.9207 0.9156 -0.003

lateral
occipital cortex

236

-0.231 cingulate gyrus 24 12 0.0261

occipital
lobe

1235 1240 0.4978 0.4829 -0.015

medioventral
occipital cortex

999 1020

0.0261 0.0163

0

insular
lobe

0 0 0 0 0 insular gyrus 0 0 0 0 0

postcentral gyrus 0 0 0 0

0.0163 -0.231
limbic
lobe

24

Region
Abs. Size Rel. Size

0 0 0

precuneus 157 207 0.1933 0.2231 0.0713

Lat. Subregion
Abs. Size Rel. Size

ICA component 6,  (pt. 2)

parietal
lobe

171 223 0.0393 0.0495 0.1146

superior
parietal lobule

14 16 0.0205 0.0222 0.0411

inferior
parietal lobule

0 0

Lat.Lobe
Abs. Size Rel. Size

Lat.
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APPENDIX E-3-3-4 COMPONENT 12 

Table 0-54: Voxel density numbers for the fMRI study’s ICA component 12 (frontal lobe – temporal 
lobe) Activation sizes are given as absolute values of active voxels for each lobe/main brain region, their 
constituting smaller regions and sub-regions/Brodmann areas as well as in form of a relative number of 
activated voxels compared to total voxels within each level of spatial granularity. Absolute and relative 
sizes are subdivided into left- and right-hemispheric activation, with an additional lateralization index 
in form of a value ranging from -1 (only left-hemispheric activation) to 1 (only right-hemispheric 
activation). 

 
  

left right left right left right left right left right left right
medial area 8 0 0 0 0 0

dorsolateral area 8 0 0 0 0 0
lateral area 9 0 0 0 0 0

dorsolateral area 6 0 0 0 0 0
medial area 6 0 0 0 0 0
medial area 9 0 0 0 0 0

medial area 10 35 45 0.1171 0.1642 0.1677
dorsal area 9/46 0 0 0 0 0

inferior frontal junction 0 0 0 0 0
area 46 0 0 0 0 0

ventral area 9/46 0 0 0 0 0
ventrolateral area 8 0 0 0 0 0
ventrolateral area 6 0 0 0 0 0

lateral area10 0 0 0 0 0
dorsal area 44 0 0 0 0 0

inferior frontal sulcus 0 0 0 0 0
caudal area 45 0 0 0 0 0
rostral area 45 0 0 0 0 0

opercular area 44 0 0 0 0 0
ventral area 44 0 0 0 0 0
medial area 14 67 103 0.4379 0.5508 0.1142

orbital area 12/47 0 0 0 0 0
lateral area 11 0 0 0 0 0
medial area 11 6 12 0.0333 0.0569 0.2609

area 13 5 0 0.0185 0 -1
lateral area 12/47 0 0 0 0 0

area 4 (head and face region) 0 0 0 0 0
caudal dorsolateral area 6 0 0 0 0 0
area 4 (upper limb region) 0 0 0 0 0

area 4 (trunk region) 0 0 0 0 0
area 4 (tongue and larynx region) 0 0 0 0 0

caudal ventrolateral area 6 0 0 0 0 0
area1/2/3 (lower limb region) 0 0 0 0 0

area 4 (lower limb region) 0 0 0 0 0
medial area 38 0 0 0 0 0

area 41/42 0 0 0 0 0
TE1.0 and TE1.2 0 0 0 0 0
caudal area 22 0 0 0 0 0
lateral area 38 0 0 0 0 0
rostral area 22 0 0 0 0 0
caudal area 21 0 0 0 0 0
rostral area 21 0 0 0 0 0

dorsolateral area 37 0 0 0 0 0
anterior superior temporal sulcus 0 0 0 0 0

intermediate ventral area 20 0 0 0 0 0
extreme lateroventral area 37 0 0 0 0 0

rostral area 20 0 0 0 0 0
intermediate lateral area 20 0 0 0 0 0

ventrolateral area 37 0 0 0 0 0
caudolateral of area 20 0 0 0 0 0
caudoventral of area 20 0 0 0 0 0

rostroventral area 20 0 0 0 0 0
medioventral area 37 0 0 0 0 0
lateroventral area 37 0 0 0 0 0

rostral area 35/36 0 0 0 0 0
caudal area 35/36 0 0 0 0 0

area TL (lateral PPHC, post. parahippoc. gyrus) 0 0 0 0 0
area 28/34 (EC, entorhinal cortex) 0 0 0 0 0

area TI (temporal agranular insular cortex) 0 0 0 0 0
area TH (medial PPHC) 3 0 0.0857 0 -1

rostroposterior superior temporal sulcus 0 0 0 0 0
caudoposterior superior temporal sulcus 0 0 0 0 0

Lat.Lobe
Abs. Size Rel. Size

Lat. Region
Abs. Size Rel. Size

Lat. Subregion
Abs. Size Rel. Size

ICA component 12,  (pt. 1)

frontal
lobe

temporal
lobe

superior
frontal gyrus

middle
frontal gyrus

inferior
frontal gyrus

orbital gyrus

precentral gyrus

paracentral lobule

superior
temporal gyrus

middle
temporal gyrus

inferior
temporal gyrus

fusiform gyrus

parahippocampal
gyrus

posterior superior
temporal sulcus

113 160 0.0171 0.0236 0.1581

3 0 0.0007 0 -1

35 45 0.0215 0.0266 0.1062

0 0 0 0 0

0 0 0 0 0

78 115 0.0646 0.0901 0.1644

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0

3 0 0.0118 0 -1

0 0 0 0 0
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Table 0-55: Voxel density numbers for the fMRI study’s ICA component 12 (parietal lobe – 
cerebellum) Activation sizes are given as absolute values of active voxels for each lobe/main brain 
region, their constituting smaller regions and sub-regions/Brodmann areas as well as in form of a relative 
number of activated voxels compared to total voxels within each level of spatial granularity. Absolute 
and relative sizes are subdivided into left- and right-hemispheric activation, with an additional 
lateralization index in form of a value ranging from -1 (only left-hemispheric activation) to 1 (only right-
hemispheric activation). 

 
 

left right left right left right left right left right left right
rostral area 7 0 0 0 0 0
caudal area 7 31 19 0.2183 0.1203 -0.29
lateral area 5 0 0 0 0 0

postcentral area 7 0 0 0 0 0
intraparietal area 7 (hIP3) 0 0 0 0 0

caudal area 39 (PGp) 25 14 0.0786 0.0399 -0.327
rostrodorsal area 39 (Hip3) 6 32 0.0248 0.1123 0.6382
rostrodorsal area 40 (PFt) 0 0 0 0 0

caudal area 40 (PFm) 0 0 0 0 0
rostroventral area 39 (PGa) 58 6 0.1255 0.015 -0.787
rostroventral area 40 (PFop) 0 0 0 0 0

medial area 7 (PEp) 106 73 0.6584 0.6033 -0.044
medial area 5 (PEm) 3 9 0.0185 0.0481 0.4443

dorsomedial parietooccipital  sulcus (PEr) 212 208 0.8185 0.6082 -0.147
area 31 (Lc1) 180 232 0.7826 0.8345 0.0321

area 1/2/3 (upper limb, head and face region) 0 0 0 0 0
area 1/2/3 (tongue and larynx region) 0 0 0 0 0

area 2 0 0 0 0 0
area1/2/3 (trunk region) 0 0 0 0 0

hypergranular insula 0 0 0 0 0
ventral agranular insula 0 0 0 0 0
dorsal agranular insula 0 0 0 0 0

ventral dysgranular and granular insula 0 0 0 0 0
dorsal granular insula 0 0 0 0 0

dorsal dysgranular insula 0 0 0 0 0
dorsal area 23 140 102 0.9459 0.9273 -0.01

rostroventral area 24 6 0 0.1091 0 -1
pregenual area 32 19 31 0.1418 0.2793 0.3265

ventral area 23 95 78 0.8879 0.8864 -8E-04
caudodorsal area 24 2 0 0.0175 0 -1

caudal area 23 21 32 0.1257 0.2038 0.2369
subgenual area 32 77 43 0.3969 0.3707 -0.034

caudal lingual gyrus 0 0 0 0 0
rostral cuneus gyrus 13 39 0.0544 0.1681 0.5111
caudal cuneus gyrus 0 1 0 0.0055 1
rostral lingual gyrus 6 3 0.0271 0.0123 -0.377

ventromedial parietooccipital sulcus 90 107 0.3125 0.3821 0.1003
middle occipital gyrus 0 0 0 0 0

area V5/MT+ 0 0 0 0 0
occipital polar cortex 0 0 0 0 0

inferior occipital gyrus 0 0 0 0 0
medial superior occipital gyrus 11 7 0.0608 0.0365 -0.25
lateral superior occipital gyrus 0 0 0 0 0

medial amygdala 0 0 0 0 0
lateral amygdala 0 0 0 0 0

rostral hippocampus 0 0 0 0 0
caudal hippocampus 2 2 0.0119 0.0116 -0.015

ventral caudate 0 0 0 0 0
globus pallidus 0 0 0 0 0

nucleus accumbens 0 0 0 0 0
ventromedial putamen 0 0 0 0 0

dorsal caudate 0 0 0 0 0
dorsolateral putamen 0 0 0 0 0

medial pre-frontal thalamus 3 13 0.0517 0.3023 0.7078
pre-motor thalamus 0 0 0 0 0

sensory thalamus 0 0 0 0 0
rostral temporal thalamus 16 35 0.2712 0.5147 0.3099
posterior parietal thalamus 0 1 0 0.0141 1

occipital thalamus 1 2 0.0169 0.0417 0.4217
caudal temporal thalamus 0 3 0 0.0625 1

lateral pre-frontal thalamus 0 0 0 0 0
lobules I-IV of cerebellar hemisphere 6 6 0.0309 0.0319 0.0157

lobule V of cerebellar hemisphere 4 0 0.018 0 -1
lobule VI of cerebellar hemisphere 0 0 0 0 0

crus I of cerebellar hemisphere 0 0 0 0 0
crus II of cerebellar hemisphere 0 0 0 0 0

lobule VIIb of cerebellar hemisphere 0 0 0 0 0
lobule VIIIa of cerebellar hemisphere 0 0 0 0 0
lobule VIIIb of cerebellar hemisphere 0 1 0 0.0045 1

lobule IX of cerebellar hemisphere 0 0 0 0 0
lobule X of cerebellar hemisphere 0 3 0 0.0732 1

Subregion
Abs. Size Rel. Size

ICA component 12,  (pt. 2)

parietal
lobe

621 593 0.1427 0.1315 -0.041

superior
parietal lobule

31 19 0.0453 0.0264 -0.264

inferior
parietal lobule

89 52

Lat.Lobe
Abs. Size Rel. Size

Lat. Region
Abs. Size Rel. Size

0.0452 0.0252 -0.284

precuneus 501 522 0.617 0.5625 -0.046

Lat.

0.3917 0.3886

0

insular
lobe

0 0 0 0 0 insular gyrus 0 0 0 0 0

postcentral gyrus 0 0 0 0

0.3886 -0.004
limbic
lobe

360

occipital
lobe

120 157 0.0484 0.0611 0.1166

medioventral
occipital cortex

109 150 0.1005 0.1346 0.1454

lateral
occipital cortex

11

-0.004 cingulate gyrus 360 286 0.3917286

7 0.0079 0.0048 -0.242

subcortical
nuclei

22 56 0.0134 0.0345 0.4391

amygdala 0 0 0 0 0

0.0194

basal ganglia 0 0 0 0 0

hippocampus 2 2 0.0058 0.0061

0.4901

cerebellum 10 10 0.0033 0.0033 -0.003 cerebellum 10 10 0.0033 0.0033 -0.003

thalamus 20 54 0.04 0.1169
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