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The Leipzig Max Planck Institute for Human Cognitive
and Brain Sciences by night. The photograph shows the
institute with the completed new adjoining building,
which now provides space for the institute’s five departments and also its research groups.
With the stunning new extension building, the institute
has not only gained highly modern, additional space for
existing and new groups, departments, and multifunction laboratories, but has also acquired extensive new
facilities for important exchange, education, and communication. The new lecture hall in the centre of the
photograph holds up to 200 people and offers new opportunities for our research and teaching activities. There
are a number of additional seminar rooms that allow for
scientific events with larger audiences and parallel sessions in an innovative setting. Finally, a new cafeteria offers important space for more informal research and social exchange, and also for institutional events.

Over the past few years, the institute has undergone a
substantial change and development in the directors
of existing departments and the establishment of new
departments. After Yves von Cramon, former director of the Department of Cognitive Neurology, became
Emeritus and shifted the focus of his work from Leipzig
to the Max Planck Institute for Neurological Research in
Cologne in the course of 2008, Arno Villringer became
the new director of the Department of Neurology. In addition, two new departments were established; first the
Department of Neurophysics, directed by Robert Turner
since 2006/2007, and second the Department of Social
Neuroscience, which will be directed by Tania Singer
from 2010.
We are proud to announce a number of new independent research groups, and at the same time the successful conclusion of some of the Independent Junior
Research Groups, whose leaders now hold university

positions nationally and internationally. Stefan Koelsch,
who headed the Independent Junior Research Group
on “Neurocognition of Music”, is now at the University of
Sussex (UK). Ina Bornkessel, who headed the Independent
Junior Research Group “Neurotypology”, is now professor at the University of Marburg (Germany). John-Dylan
Haynes, who headed the Max Planck Fellow Research
Group “Attention and Awareness”, is professor at the
Bernstein Center for Computational Neuroscience Berlin
(Germany). We congratulate all of them on their successful promotion and wish them all the best for their future
endeavours.
In 2007–2009, four new groups took up work at the
institute. In 2007, the Minerva Research Group on
“Neurocognition of Rhythm in Communication” (headed
by Sonja Kotz), the Independent Junior Research Groups
“Music Cognition and Action” (headed by Peter Keller)
and “Body & Self” (headed by Simone Schütz-Bosbach)
started their own research. In 2009, the Independent

Junior Research Group on “Neural Mechanisms of
Human Communication” (headed by Katharina von
Kriegstein) joined the institute. Finally, in October 2009,
the new International Max Planck Research School on
Neuroscience of Communication (IMPRS NeuroCom)
with 22 PhD students was inaugurated at the institute.
We would like to express our warm welcome to the new
groups and IMPRS and wish them a scientifically fruitful
time at our institute.

Angela D. Friederici
Wolfgang Prinz
Robert Turner
Arno Villringer
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The  Institute

The Max Planck Institute for Human Cognitive and Brain Sciences
The Max Planck Institute for Human Cognitive and Brain
Sciences in Leipzig was established in 2004 by a merger between the former Leipzig Max Planck Institute of
Cognitive NeuroScience and the Munich Max Planck
Institute for Psychological Research. Research at the institute revolves around human cognitive abilities and cerebral processes, with a focus on language, music, and
action.
Currently, the Max Planck Institute for Human Cognitive
and Brain Sciences consists of five departments:
Neurology, Neuropsychology, Neurophysics, Psychology,

and Social Neuroscience (from 2010). The institute also
hosts several research groups, amongst them four independent junior research groups – “Neurotypology”,
“Music Cognition and Action”, “Body and Self”, and “Neural
Mechanisms of Human Communication” – as well as independent research groups on “Attention and Awareness”
and “Neurocognition of Rhythm in Communication”.
Three research and development units facilitate scientists’
access to the institute’s state-of-the-art technical equipment while at the same time conducting research into the
methodology of high-resolution methods.

Research foci
Our studies look into the perception, planning, and generation of language, music, and action. Speciﬁc research
topics examine how humans plan and produce language
and action, and how they perceive action and action effects, language, and music. We analyze the interaction
and common functional bases of production and perception in these and other cognitive domains. Another focus
of our research is on plastic changes in the human brain
after stroke, with particular interest in the tactile, motor,
and language system. In early 2007, the Department of
Neurophysics was established, dealing speciﬁcally with
the utilization and development of imaging techniques
in neurosciences.
The Max Planck Institute for Human Cognitive and Brain
Sciences in Leipzig provides an exciting framework for
these topical and appealing theoretical domains, with
the full gamut of cognitive and neuroscientiﬁc meth-

odology available under one roof. This dovetailing of
research, development, and engineering is a hallmark
of the institute and its research strategies. The centre
draws on elaborate modern imaging techniques – a new
7-Tesla scanner was installed in summer 2007 – which
are gaining ground even as part of more conventional
behavioural approaches. The institute’s state-of-the-art
technical equipment both accentuates Leipzig’s longstanding tradition in psychological research and contributes to cutting-edge research within the relevant areas. Modern imaging techniques, which are increasingly
being used in traditional psychological approaches, are
utilized and, most importantly, improved at the institute.
The institute, hosting the entire bandwidth of techniques
and approaches that are established within human cognitive and neurosciences, thus offers ideal conditions to
its own and guest researchers.

Cooperation agreements with universities
The first cooperation agreement between the Max
Planck Society and the University of Leipzig regarding
the Max Planck Institute of Cognitive NeuroScience and
the University of Leipzig goes back to September 1994.
In December 2006/January 2007, the Max Planck Society
signed a cooperation agreement with the University of
Leipzig and the University Hospital Leipzig  with regard to
the Max Planck Institute for Human Cognitive and Brain
Sciences. The purpose of this agreement is to maintain
and promote the cooperation between the university,
the hospital, and the MPI in the field of cognitive neurology. Above all, this cooperation is implemented through:
the management of the Clinic of Cognitive Neurology
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as part of the hospital by a director of the Max Planck
Institute who is also appointed by the university; the exchange of scientific information and experience; the undertaking of joint research projects and cooperation in
individual research ventures; the teaching and fostering
of junior scientists; and the mutual use of facilities.
The new International Max Planck Research School on
Neuroscience of Communication: Function, Structure,
and Plasticity (IMPRS NeuroCom), an interdisciplinary PhD
programme originally initiated by the Max Planck Institute
for Human Cognitive and Brain Sciences, is based at the
institute and the University of Leipzig, and also involves
the Max Planck Institute for Evolutionary Anthropology,

The  Institute

Leipzig and the Institute of Cognitive Neuroscience at
University College London, UK. The IMPRS NeuroCom is
a project mainly funded by the Max Planck Society and
the Max Planck Institute for Human Cognitive and Brain
Sciences, but also by the University of Leipzig, and will
further strengthen the already existing close working relationship between all participating institutions.
A further cooperation agreement exists between the
Max Planck Society and the Otto von Guericke University
Magdeburg regarding the Max Planck Institute for
Human Cognitive and Brain Sciences, dating from
October 2005. According to this arrangement, the Max
Planck Society and the University of Magdeburg agree
for the Directors of the Max Planck Institute and Prof.
Dr. Hans-Jochen Heinze to cooperate in the domains of
methodological developments in the ultra-high-field
area as well as cognition research. In order to institutionalize this cooperation, Prof. Heinze has been appointed as
Max Planck Fellow at the institute for the duration of five
years. The connecting link between research activities in
Magdeburg and Leipzig is the research group “Attention
and Awareness”, funded by the Max Planck Society, and
directed by Prof. Dr. John-Dylan Haynes.

The institute’s Department of Psychology holds an additional agreement with the Department of Psychology
of the Martin Luther University Halle-Wittenberg, which
sets out that teaching and examinations in the domain
of biological psychology are fully covered by researchers
from the Max Planck Institute.
The Department of Neuropsychology has long-standing
collaborations in the form of joint teaching and supervision projects with the University of Potsdam, where Prof.
Dr. Angela D. Friederici also holds an honorary professorship. Additionally, the department is part of a collaboration agreement with the University Hospital “Carl Gustav
Carus”, Dresden, setting out close cooperation in the field
of cochlear implants research.
Further collaborative links in the shape of teaching, assessment, and supervision of doctoral students exist between the Max Planck Institute for Human Cognitive and
Brain Sciences and the Excellence Cluster “Languages of
Emotion” at the Free University of Berlin and the Berlin
School of Mind and Brain at the Humboldt University
(Speaker: Prof. Dr. Arno Villringer).

Organizational structure
Departments
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Neurology

Neurophysics

Research & Development Units

Administration

NMR
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MEG

Database Management
Library
Multimedia & Graphics
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Coordination

Social Neuroscience

Managing
Director

Clinic of
Cognitive Neurology

Scientific & Other Service

Psychology

Cortical Networks
and Cognitive
Functions

Research Groups
Independent Junior
Research Group
Neurotypology

Independent Junior
Research Group
Body and Self

Independent Junior
Research Group
Music Cognition
and Action

Minerva Research Group
Neurocognition
of Rhythm
in Communication

Independent Junior
Research Group
Neural Mechanisms of
Human Communication

Max Planck Fellow Group
Attention and
Awareness
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Prof. Dr. Arno Villringer
Director

1

Neural Plasticity
in the Human Brain
Department of Neurology

The scientific focus of the Department of Neurology at the Max Planck
Institute for Human Cognitive and Brain Sciences is on neural plasticity in
the human brain. After its initiation in November 2007, the department has
now completed the recruitment of group leaders and experienced researchers. The department promotes a strongly interdisciplinary approach with a
focus on experimental neuroimaging studies supported by computational
approaches. Research is performed within three interacting fields:
1. Physiology-Empowered Approaches for the Assessment of Brain Plasticity
We develop novel, applied physiology-based techniques in order to overcome
“indirectness” and “unspecificity” of previous noninvasive neuroimaging studies in human subjects. For this purpose, we employ various functional and
structural magnetic resonance imaging (MRI) techniques, electroencephalography (EEG), noninvasive optical imaging, transcranial magnetic and direct-current brain stimulation (TMS/tDCS), cognitive and behavioural testing,
and genetics.
2. Models of Brain Function and Mechanisms of Brain Plasticity
At a conceptual level, we develop new theories and computational models
for explaining brain function and plasticity. Using the above-mentioned new
approaches of physiology-empowered brain imaging, we aim at the identification and analysis of mechanisms driving and underlying brain plasticity
at a local and systems level. For this purpose, several models of procedural
learning are being established in healthy volunteers. Our studies point to a
fundamental, much more dynamic relationship between brain structure and
behaviour than previously thought.
3. Development of New Diagnostic and Rehabilitative Strategies
Within the clinical arm of our research, we (i) study mechanisms of brain plasticity which occur “spontaneously” after focal brain lesions (“lesion-based
functional neuro-anatomy and plasticity”) and (ii) develop innovative, interventional techniques to overcome deficits due to focal brain lesions, specifically after a stroke.
As part of our research setting, the Clinic of Cognitive Neurology is embedded within the University Hospital Leipzig and is specialized in care after focal
brain lesions, particularly stroke. The close cooperation between researchers
and clinicians offers the unique opportunity to rapidly translate research findings into novel diagnostic or rehabilitative strategies.

Neural Plasticity in the Human Brain

Overview of individual studies:
Studies on Topic 1
Physiology-Empowered Approaches for the Assessment of Brain Plasticity
The department is engaged in a series of projects which
develop sophisticated measurement, modelling, and
analysis techniques for studying plasticity at the systems
level. The first of these techniques is a novel approach
to determine the neuroanatomy of individual subjects by
employing structural and functional connectivity analysis. This scheme overcomes drawbacks of previous MRI
studies which were based on gyral/sulcal landmarks and
comparison to ex vivo cytoarchitectonics. This approach
to parcellate brain areas is demonstrated in the abstracts
by Walz et al. (Segmentation of the human thalamus
based on local diffusion properties and anatomical cortical connectivity) (1.1.1) and Margulies et al. (Applications
of resting-state fMRI: From parcellating the precuneus to
exploring neural correlates of body mass index) (1.1.2).

The link between anatomical brain areas, determined by
MRI, to underlying neurophysiological events is achieved
by combining vascular with electrophysiological methods (EEG-optical imaging, concurrent EEG-fMRI). In (1.1.3),
we were able to relate vascular signals (fMRI, optical imaging) to gamma activity by using concurrent EEG-fMRI.
In another project harnessing the high resolution of highfield fMRI, we employ fMRI at 7 Tesla (co-operation with
Dept of Neurophysics) to localize inhibitory and excitatory processes in subdivisions of primary somatosensory
cortex (1.1.4). Furthermore, we relate those fMRI findings
to differential effects in EEG rhythms (i.e., alpha and beta
frequency range) caused by sub- vs. supra-threshold somatosensory stimulation (1.1.5).

Studies on Topic 2
Models of Brain Function and Mechanisms of Brain Plasticity
At a conceptual level, we develop new theories and models for explaining brain function and plasticity. The overarching goal is to generate theoretical predictions that
can then be tested using neuroimaging experiments in
both healthy subjects and patients. In two theoretical
and two experimental projects, we used speech input to
show (i) that perception requires a hierarchical, temporal structure of the auditory input, and (ii) that the two
hemispheres have fundamentally different roles for perception. Kiebel et al. (1.2.1) present an approach showing
that perception may be understood as the ‘fitting’ of a
hierarchical model to speech input, where each level represents variations of the speech input at a specific timescale. Schümberg et al. (1.2.2) take this idea further and
suggest an explanation for the anatomic segregation of
the human brain into two hierarchical models (i.e., hemispheres). The potential link to experimental studies has
been exemplified in 1.2.3 and 1.2.4 which address learning and representation of speech input, using the concepts of time-scales and lateralization.
When studying plasticity of the human brain, the variability caused by subject-specific factors should be taken
into account. In two studies, these factors were investi-

gated. Boehringer et al. assessed structural changes related to psychological measures of self control and found
evidence for a potential role of the cerebellum in exerting self control (1.2.5). Horstmann et al. (1.2.6) demonstrated that a significant portion of anatomical variability
in reward-related cerebral areas can be explained by variation in body mass index. The effect of (experimentally
controlled) learning on behavioural measures as well as
on structural and functional parameters of the brain has
been addressed by three interventional studies: Taubert
et al. (1.2.7) and Gryga et al. (1.2.8) investigated the effects
of learning a complex motor task on brain structure.
They showed that changes occur not only in grey matter but also in white matter of the human brain. While it
has been known that reward helps to improve learning,
Pleger et al. (1.2.9) investigated the influence of reward
on the act of learning a somatosensory discrimination
task. They showed that dopaminergically mediated reward surprisingly reactivates the somatosensory system
during the reward period (without any somatosensory
stimulation at this time point). This indicates that reactivation is important for improved learning with positive
feedback (reward).  

Studies on Topic 3
Development of New Diagnostic and Rehabilitative Strategies
Several studies investigated groups of patients using
structural and functional neuroimaging. The study by
Draganski et al. (1.3.1) relates structural characteristics in
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patients at risk of dystonia disorder to morphological features in T1-weighted MRI using voxel-based morphometry.
This study is exemplary for future genotype/phenotype

Neural Plasticity in the Human Brain

studies which are planned on a large scale within the LIFE
consortium (see Grants/Research Infrastructure below).
In the case of dystonia, some pathological changes in
brain structure can be directly related to genetic disposition. In other instances, pathological alterations in brain
structure are the consequences of a detrimental impact
on brain tissue (e.g., due to global cerebral ischemia after transient heart failure, see Horstmann et al., 1.3.2). In
the case of Alzheimer’s disease and mild cognitive impairment (MCI), the observed neuroimaging changes are
most likely due to both, i.e. (i) the detrimental effects of
the damaging agent (neurotoxicity of amyloid, Tau etc.)
and (ii) the reaction of the remaining brain tissue (“reactive plasticity”) (1.3.3).
For all rehabilitation strategies, however, executive function seems to be of crucial importance. Consequently, the

clinical neuropsychology group in the Clinic of Cognitive
Neurology focuses its clinical and research work on frontal lobe function. Thöne-Otto et al. (1.3.4) outline several
approaches to establish ecologically valid assessments of
executive disorders and innovative approaches toward
treatment.
Another series of experiments concentrates on the noninvasive modulation of brain states using different brain
stimulation techniques (i.e., TMS and tDCS) in healthy
subjects and patients. A first study is underway combining these stimulation methods with established and
standardized physiotherapeutical interventions in stroke
patients to improve treatment success and outcomes.

Grants/Research Infrastructure:
Several project grants have been newly approved which
enhance the integration of the department into regional
research networks. In addition to the (pre-existing) joint
Mind & Brain research network which is funded by the
national “German excellence initiative” (“Berlin School
of Mind and Brain”), and the German Competence Net
Stroke, the following research networks in which the
Dept of Neurology plays an active role have been approved:
-

-

The multicentre project “Bernstein Focus Learning” (coordinator: Petra Ritter) is a research network funded
by the Federal Ministry of Education and Research
(BMBF) in which the role of brain rhythms in learning
is investigated.
The LIFE project (Leipzig interdisciplinary research cluster of genetic factors, clinical phenotypes and environment) is a large scale genotype/phenotype project
based on a representative sample of the population
of Leipzig. The project is undertaken by the University
of Leipzig together with extra-university partners
funded by the Saxonian excellence initiative. The MPI
Department of Neurology will analyze the data of
about 3,000 subjects using cognitive assessment and
MRI, pursuing a better understanding of the genetic
basis of plasticity.

-

A major clinical research center on obesity (“IFB adiposity”) has been (preliminarily) approved by the German
Ministry of Research. In this project grant, members
of the Dept of Neurology will investigate altered cognitive function and brain plasticity in lean and obese
subjects. In addition, a junior research group on computational modelling of the reward system has been
founded together with the university.

-

Furthermore, the department actively takes part in the
DFG funded Graduate Programme (Graduiertenkolleg)
“Function of Attention in Cognition”.

-

Among Max Planck Society funded measures, the Dept
of Neurology takes part in MaxNet Cognition, MaxNet
Aging, and in the recently founded International
Max Planck Research School on “Neuroscience of
Communication”.  
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1.1

PhysiologyEmpowered Approaches
for the Assessment of
Brain Plasticity

Physiology-Empowered Approaches for the Assessment of Brain Plasticity

Segmentation of the human thalamus based on local diffusion properties
and anatomical cortical connectivity

1.1.1

Walz, H. 1, Anwander, A. 1, Knösche, T. 1, Villringer, A. 1,2, & Draganski, B. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
2 Clinic of Cognitive Neurology, University of Leipzig, Germany
Thalamus is the central subcortical relay station for information transfer to cortex. The existence of functionally
distinct subregions and nuclei allows for a parcellation
based on subcortical and cortical anatomical connectivity patterns. According to its function, thalamus is associated with a wide range of neurological and neuropsychiatric conditions (Llinas, & Steriade, 2006, J Neurophysiol,
95, 3297–3308).
We compare probabilistic diffusion tractography-based
segmentation of thalamus (Draganski, 2008) with parcellation according to local diffusivity properties in ten
healthy subjects. Additionally, for probabilistic diffusion
tractography, we use multi-tensor diffusion estimation
(Parker, & Alexander, 2003, Inf Process Med Imaging, 18,
684–695) and spherical deconvolution (Descoteaux,
Deriche, Knoesche, & Anwander, 2008, IEEE Trans Med

A

deconvolution

diffusivity

max

multi-tensor

avg

B

Imaging, 28, 269–286). Anatomical connectivity patterns
to nineteen automatically predefined cortical regions
and basal ganglia are computed and clustered using the
k-means approach. As criteria for reliable segmentation,
we use both anatomical plausibility and mutual information.
Both target- and local diffusivity-based methods for thalamus segmentation demonstrate overlapping parcellation results with high anatomical plausibility. We delineate compact clusters projecting to particular cortical
areas corresponding topo-anatomically to specific thalamic nuclei.
The application of alternative methods for the segmentation of subcortical grey matter structures based on either local diffusivity properties or probabilistic tractography provides reliable parcellation of thalamus. Detailed
knowledge of thalamus connectivity is essential for understanding basic pathophysiological mechanisms of
thalamus-related disorders, and offers additional information for optimal preoperative planning in functional
neurosurgery.

Figure 1.1.1  
(A) Cortex partitioned according to surface-based anatomical segmentation from FreeSurfer (Desikan et al, 2006, NeuroImage, 31, 968–
980).
(B) K-means clustering of data obtained with three different methods –
probabilistic tractography using multi-tensor diffusion estimation
(multi-tensor) or spherical deconvolution (deconvolution) and estimation of local diffusivity (diffusivity). Clustering is based on average results from all subjects (avg) with representation of maximal frequency
of membership to the particular cluster across subjects (max). Colour
labelling according to highest connectivity values to corresponding
cortical ROI.
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1.1.2

Applications of resting-state fMRI: From parcellating the precuneus to
exploring neural correlates of body mass index
Margulies, D. S. 1,2, Brady, E. 3, Böhringer, A. 1, Pleger, B. 1, Walz, H. 1, Shehzah, Z. 3, Horstmann, A. 1, Müller, K. 1, Lepsien,
J. 1, Busse, F. 1,4, Vincent, J. L. 5,6, Kelly, C. 3, Lohmann, G. 1, Uddin, L. Q. 7, Biswal, B. B. 8,9, Castellanos, F. X. 3,9, Milham, M. P. 3,
Petrides, M. 10, Stumvoll, M. 4, & Villringer, A. 1,2
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
2 Berlin School of Mind & Brain and Brain & Mind Institute, Humboldt University Berlin, Germany
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8 Department of Radiology, University of Medicine and Dentistry of New Jersey, Newark, NJ, USA
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10 Montreal Neurological Institute, McGill University, Montreal, QC, Canada
Resting-state data collected with functional magnetic
resonance imaging (rs-fMRI) offers unique possibilities for
addressing research questions that are beyond the practical scope of standard task-based approaches.
In a recent study, we explored the functional connectivity of the precuneus, which has been implicated in numerous high-level cognitive functions. While the precuneus has been traditionally addressed as homogeneous
(Margulies et al., 2009, PNAS) in the human neuroimaging
literature, anatomical tract tracing studies in the monkey
have revealed three main subdivisions in the anterior-

posterior direction. Systematic functional connectivity
analysis of the precuneus in both humans and monkeys
revealed similar cross-species patterns of long-distance
connectivity emerging from three subdivisions: (1) anterior-sensorimotor, (2) central-cognitive, and (3) posteriorvisual networks (Fig. 1.1.2A). Furthermore, these patterns
of functional connectivity were all differentiated from the
more ventral posterior cingulate, suggesting that distinct
functional subdivisions may, in part, account for the complex array of functions ascribed to the precuneus.
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Figure 1.1.2   (A) Summary of functional connectivity patterns from
the three precuneus subdivisions and the posterior cingulate. (B)
Gustatory/reward regions are more functionally segregated from sensorimotor regions in individuals with a greater BMI.
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In another study, we explored the functional connectivity of various cognitive, affective, and social processingrelated regions in a population with a normal distribution
of body mass index (BMI). In order to test the reliability of
our approach, the same analyses were run on two age-,
gender-, and BMI-matched datasets collected at the MPI
in Leipzig and the NYU School of Medicine. Most notably,

networks comprised of (1) gustatory/reward regions and
(2) sensorimotor areas were more segregated in individuals with a greater BMI (Fig. 1.1.2B). While these findings are
consistent with theories implicating dysfunction of the
reward system, the interaction with sensorimotor areas
also offers novel neuropsychological loci for further investigation.

Stimulus-induced and state-dependent sustained gamma activity is tightly
coupled to the hemodynamic response in the visual cortex of humans

1.1.3

Koch, S. P. 1, Werner, P. 1, Steinbrink, J. 1, Fries, P. 2, & Obrig, H. 1,3,4
1 Berlin NeuroImaging Center and Department of Neurology, Charité University Medicine, Berlin, Germany
2 Donders Institute for Brain, Cognition and Behaviour, Radboud University Nijmegen, the Netherlands
3 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
4 Clinic of Cognitive Neurology, University of Leipzig, Germany
A prompt behavioural response to a stimulus depends
both on the salience of the stimulus as well as the subject’s preparedness. Thus, both stimulus properties and
cognitive factors such as attention may determine the
strength of neuronal synchronization in the gamma
range. For a comprehensive investigation of stimulusresponse processing through non-invasive imaging, it is,
however, a crucial issue whether both kinds of gamma
modulation elicit a hemodynamic response. Here (Koch
et al., 2009), we show that in the human visual cortex,
stimulus strength and internal state modulate sustained
gamma activity, assessed by EEG, and hemodynamic
response, as simultaneously measured by optical imag1.0
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ing, in close correspondence to each other. Participants
were asked to report small velocity changes in concentrically contracting gratings which were presented on a
computer screen. With varying contrast of the gratings
(independent of the velocity change), gamma activity
(35–70 Hz) systematically co-varied with the parametric
variation of the stimulus (Fig. 1.1.3A). The logarithmic relationship between Michelson contrast and both electrophysiological and hemodynamic responses is shown in
the left upper graph. Gamma activity and hemodynamic
response, assessed by a decrease in deoxygenated haemoglobin (HbR), are linearly related (right upper graph).
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Figure 1.1.3   Figure (A) demonstrates the
logarithmic relationship between the stimulus intensity (Michelson contrast) and the
parameters of both electrophysiological
(GBR) and vascular (HbR) response (left).
These parameters show a mutual linear dependence (right). Figure (B) shows the predictive value of gamma band response: Fast
(F), medium (M) and slow (S) reaction times
are indicated by high, medium or low gamma power prior to the unpredictable velocity change, to which the subject had to respond by a button press. The upper right
graph in (B) demonstrates the correlation
between reaction time and both response
parameters, while the lower right diagram
provides the topography of the gamma
and HbR response.
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For stimuli of constant contrast, the amplitude of gamma activity prior to the behaviourally relevant velocity
change was inversely correlated to response latency. This
indicates that gamma activity also reflects an overall attentive state (Fig. 1.1.3B). The left sketch demonstrates
the predictive variation of prestimulus gamma for fast (F),
medium (M), and slow (S) response latencies while the
right sketch provides a rough localization of the predic-

1.1.4

tive changes in gamma band response (GBR) (red) and
the hemodynamic response (blue). Because of the close
relation between high-frequency neuronal activity and
the hemodynamic signal, we conclude that both stimulus-induced and state-dependent gamma activity trigger a metabolic demand and are amenable to vascularbased imaging.

Concomitant positive and negative BOLD 7T-fMRI responses in human S1
to electrical finger stimulation – a potential correlate of afferent inhibition?
Holtze, S. 1,2,3, Taskin, B. 1,2, Turner, R. 1, Heidemann, R. 1, Trampel, R. 1, & Villringer, A. 1,2,3
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
2 Berlin NeuroImaging Center and Department of Neurology, Charité University Medicine, Berlin, Germany
3 Berlin School of Mind & Brain and Mind & Brain Institute, Humboldt University Berlin, Germany
Somatosensory stimulation is followed by mutually interacting excitatory and inhibitory synaptic processes within different layers of contralateral primary somatosensory
cortex (S1), the latter mediating the electrophysiologically described phenomenon of intracortical afferent
inhibition. Here, using BOLD (blood-oxygenation-leveldependent) functional magnetic resonance imaging,
we examined direction (positive as well as negative)
and spatial distribution of signal changes within S1 in response to electrical finger stimulation in humans, potentially resembling different underlying processing mechanisms. For functional imaging, we used a gain-optimized
“zoomed” T2*-sensitive echoplanar imaging sequence (TE
19 ms, TR 3000 ms, 1.5 mm isotropic voxel size) on a 7T
system (Siemens, Erlangen, Germany) with a 24-channelsreceiver head coil (NOVA, Massachusetts, USA). Each subject was stimulated electrically on the index (d2) and ring
(d4) finger of the left hand in a pseudo-randomized order
at 2 Hz with an intensity of 100 % above sensory threshold. Imaging data analysis was performed using SPM8.
The statistical T-maps for the group of subjects (N = 12)
were thresholded at a significance level p < 0.001 uncorrected for multiple comparisons on the basis of a strong
a-priori-hypothesis. Stimulation of d2 (A) and d4 (B) led
to (i) a focal positive BOLD signal change laterally within the hand area (depicted in red), potentially involving
Brodmann area 1, as well as (ii) a more medially located
negative BOLD signal change (depicted in blue) on the
crest of the postcentral gyrus, presumably located within

Figure 1.1.4  7T BOLD fMRI fixed effects analysis (N = 12, p < 0.001, corrected) for 2 Hz electrical finger stimulation on d2 (A) and d4 (B), and
for subliminal (C) and supraliminal (D) stimulation at 8 Hz on d2.
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Brodmann area 3b. No clear-cut digit somatotopy was
observed. The observed negative signal changes were
markedly more extensive, as compared to mere subliminal stimulation (i.e., stimulation near below threshold for
conscious sensation; C), or high-frequent supraliminal
electrical stimulation (D; group analysis, N = 13). In conclusion, here we show suprathreshold somatosensory
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D
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stimulation to be associated with a differential, potentially subarea-dependent signal response behaviour within
contralateral S1. Possibly, this also reflects a physiologically relevant subarea-specific prevalence of underlying

integration processes. This is currently being investigated
with physiological stimulation modalities, such as light
touch and low-frequency vibration.

Subliminal and supraliminal somatosensory stimulation differentially
modulate rolandic (Mu) rhythm

1.1.5

Nierhaus, T. 1,2, Piper, S. 1, Holtze, S. 1,2,3, Taskin, B. 1,2, Steinbrink, J. 1, & Villringer, A. 1,2,3
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
2 Berlin NeuroImaging Center and Department of Neurology, Charité University Medicine, Berlin, Germany
3 Berlin School of Mind & Brain and Mind & Brain Institute, Humboldt University Berlin, Germany
Background rhythms in the alpha and beta frequency
range are present in various cerebral systems and are frequently referred to as idle rhythms indicating a “deactivated” state of the respective functional network. For example, in the sensorimotor system, pericentral alpha and
beta rhythm (Mu rhythm) amplitudes decrease when the
system is activated (e.g., by somatosensory stimulation or
a motor task indicating a decrease of inhibitory synaptic
activity; see also Fig. 1.1.5).
Using fMRI, we have recently shown that subliminal somatosensory stimulation of a finger leads to deactivation
of BOLD responses from primary somatosensory cortex
(SI) which may be due to a preferential thalamocortical input to inhibitory interneurons in SI (Blankenburg,
Taskin, Ruben, Moosmann, Ritter, Curio, & Villringer, 2003,
Science, 299, 1864–1864; Taskin et al., 2008, NeuroImage).
Here, we investigated the effect of subliminal somatosensory stimulation on rolandic rhythms. Healthy subjects were electrically stimulated on the left index finger,

Subliminal Stimulation

below (subliminal) and above (supraliminal) perception
threshold. EEG was recorded continuously and ICA was
used to extract components that account for central rolandic rhythms. As expected, for supraliminal stimulation,
wavelet analysis of the extracted independent components shows a stimulus-induced desynchronization in
the alpha and beta range. For subliminal stimulation,
however, the same independent components show an
increase of rhythmic activity in two steps: (1) lower alpha
band (8–10 Hz) with a maximum around 60 ms, and (2)
upper alpha band (12–15 Hz) with a maximum around
200 ms post stimulus, which agrees with the assumption
that subliminal stimulation indeed activates inhibitory interneurons in SI (Fig. 1.1.5).
These findings raise the tantalizing possibility that sensory stimulation above or below threshold can differentially modulate activity in sensory cortex, which might be
used to treat pathologically deficient sensory processes.

Supraliminal Stimulation
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Figure 1.1.5  SEP (upper plots) and oscillatory
activity (middle) for sub-/supraliminal stimulation, contralateral to stimulation side
over the primary somatosensory cortex
(grand average, N = 39). Time is expressed
relative to stimulus onset. Oscillatory activity is expressed relative to baseline power
(baseline: 200 ms pre stimulus). The green
line on the left indicates mean baseline
power. Lower plots indicate t-test p-values,
pre stimulus power compared to baseline
power. Subliminal SEP shows a positive potential at 60 ms (t-test baseline vs. 55–65
ms: p = 0.0002).
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Recognizing sequences of sequences

1.2.1

Kiebel, S. J. 1, von Kriegstein, K. 1, Daunizeau, J. 2, & Friston, K. J. 2
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
2 Wellcome Trust Centre for Neuroimaging, University College London, United Kingdom
The brain’s decoding of fast sensory streams is currently impossible to emulate, even approximately, with artificial agents. For example, robust speech recognition is
relatively easy for humans but exceptionally difficult for
artificial speech recognition systems (Deng, Yu, & Acero,
2006, IEEE Trans Audio Speech Lang Proc, 14, 1492–1504).
Here, we propose that recognition can be simplified with
an internal model of how sensory input is generated. We
show that a plausible candidate for an internal model
is a hierarchy of ‘stable heteroclinic channels’ formulated within a Bayesian framework. This model describes
continuous dynamics in the environment as a hierarchy
of sequences, where slower sequences cause faster seEnvironment
x(2) = κ(2)(-λx(2)-ρ(2)S(x(2))) + w(2)
x(2) = S(x(2))+ z(2)
x(1) = κ(1)(-λx(1)-ρ(1)(v(2))S(x(1))) + w(1)
x(1) = S(x(1))+ z(1)

w = Wv(1)

quences (Kiebel, Daunizeau, & Friston, 2008). Under this
model, online recognition corresponds to the dynamic
decoding of causal sequences, giving a representation of
the environment with predictive power on several timescales. We illustrate the ensuing decoding or recognition
scheme using synthetic sequences of syllables, where
syllables are sequences of phonemes and phonemes are
sequences of sound-wave modulations (see Fig. 1.2.1). In
several simulations, we find that the model’s recognition
dynamics disclose inference on multiple time-scales and
are reminiscent of neuronal dynamics observed in the
real brain.

Recognition system
Syllabic
level

Recognition dynamics
for x(2) and v(2)

Phonemic
level

Recognition dynamics
for x(1) and v(1)

Acoustic
level

v(1) = W+w

Sound wave

Figure 1.2.1  Schematic of the internal model
and recognition system showing the equations which define both the generation of
stimuli (left) and the recognition scheme
(right). There are three levels; the phonemic
and syllabic levels employ stable heteroclinic
channels, while the acoustic level is implemented by a linear transform. The resulting
sound wave w is used as input to the recognition system, with a linear (forward) projection. The recognition uses recurrent message
passing between the phonemic and syllabic
level, indicated by top-down and bottom-up
arrows. For details see Kiebel, von Kriegstein,
Daunizeau, & Friston, 2009, PLoS Comput Biol.

A potential role for lateralization in the brain

1.2.2

Schümberg, K. 1, von Kriegstein, K. 1, & Kiebel, S. J. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
Why do we have two hemispheres? A large body of experimental research in both humans and animals shows
profound differences between the hemispheres (Dien,

2008, Brain and Cognition, 67, 292–323). However, there
is not yet a comprehensive computational theory about
the functional role of lateralization. Here, we propose a
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bi-hemispheric processing mechanism using a simplified
model which captures behavioural and neuroscientific
findings and emulates real brain function: The system’s
sensors receive input from a non-static environment, and
percepts are computed by recurrent dynamics located
in the two coupled hemispheres (Fig. 1.2.2). Drawing on
the experimental literature, we propose the following
scheme: The left hemisphere (dominant in right-handers)
generates highly specific predictions about its future input based on well-learned contingencies in the environment. The right hemisphere entertains, at any time, less
rigid predictions about eventualities. The model is based
on the assumptions that (i) the brain adheres to the freeenergy principle (Friston, & Kiebel, 2009) and (ii) cortex
Left hemisphere

Right hemisphere

Message dynamics
at slow time-scale

xL(2)

xR(2)

Speaker identity
at slow time-scale

Message dynamics
at fast time-scale

xL(1)

xR(1)

Speaker-specific
dynamics
at fast time-scale

Spectral
low resolution

Spectral
high resolution

Subcortical structures

1.2.3

is hierarchically organized (Kiebel, Daunizeau, & Friston,
2008). In simulations, we found that our two-hemisphere
model can (i) rapidly and efficiently decode predictable
input robustly and also (ii) react quickly to surprising, behaviourally relevant events. Our results indicate that the
functional role of lateralization is the brain’s need to meet
two opposing criteria: prediction of the future, while still
being able to deal with unforeseen events quickly. We
suggest that our model can explain a wide range of
findings in the laterality literature. Figure 1.2.2 shows a
speech recognition example situated in an environment
where speech can be produced by different speakers.
The model may be tested by generated predictions for
experiments (e.g., effects of lateralized brain lesions).

Subcortical structures

Figure 1.2.2   The computational forward
model for the example of speech perception. Each hemisphere receives differently
pre-processed input from subcortical structures. The left cortical hemisphere decodes
the speech message while being updated
about speaker-specific parameters by the
right hemisphere. Here, speech is recognized depending on highly predictable
acoustic trajectories, while the right hemisphere registers speaker-specific details,
which provide additional information for
speech recognition.

Sensitivity of newborn auditory cortex to the temporal structure of sounds
Telkemeyer, S. 1,2, Rossi, S. 2,3,4, Koch, S. P. 2, Nierhaus, T. 2,3, Steinbrink, J. 2, Poeppel, D. 5, Obrig, H. 2,3,4*, & Wartenburger, I. 2,6*
(*equally contributing authors)
1 Department of Cognitive Psychology, Humboldt University Berlin, Germany
2 Berlin NeuroImaging Center and Department of Neurology, Charité University Medicine, Berlin, Germany
3 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
4 Clinic of Cognitive Neurology, University of Leipzig, Germany
5 Department of Psychology, New York University, NY, USA
6 Department of Linguistics, University of Potsdam, Germany
Understanding the rapidly developing building blocks
of speech perception in infancy requires a close look at
the auditory prerequisites for speech sound processing.
Pioneering studies have demonstrated that hemispheric specializations are already present in early infancy.
However, whether these asymmetries can be considered
a function of linguistic attributes or a consequence of basic temporal signal properties is under debate. Studies in
adults link hemispheric specialization for certain aspects
of speech perception to an asymmetry in cortical tun-
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ing and reveal that the auditory cortices are differentially sensitive to spectro-temporal features of speech.
By applying EEG and hemodynamic (NIRS) recording to
newborn infants while they listened to temporally structured non-speech signals, here (Telkemeyer et al., 2009,
J Neurosci) we provide evidence that newborns process
non-linguistic stimuli that share critical temporal features
with language in a differential fashion. Temporal modulations relevant for phoneme perception are preferentially
processed. In line with multi-time resolution concepts,
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modulations on the time-scale of phonemes elicit strong
bilateral responses. Our data furthermore suggest that
responses to slow acoustic modulations are lateralized to
the right. That is, the newborn auditory cortex is sensitive to the temporal structure of the auditory input and
shows an emerging functional asymmetry. Hence, our
findings support the hypothesis that the development of
speech perception is linked to basic capacities in auditory processing.

In Figure 1.2.3, the upper sketch demonstrates localized
changes in oxygenation over the temporo-frontal cortex
in response to all auditory stimuli versus silence. Increases
in [oxy-Hb] and decreases in [deoxy-Hb] show typical
hemodynamic response dynamics (inset). The lower
graph shows the differential processing of the modulation frequencies with a rightward lateralization for slow
modulations (160 and 300 ms) as predicted by the multitime resolution theory (Hickok, & Poeppel, 2007, Nat Rev
Neurosci, 8, 393–402).
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Figure 1.2.3  Comparing all stimuli against
silence, the upper graph shows the topography of the increases in [oxy-Hb] (red) and
[deoxy-Hb] (blue). The time course of these
changes across all subjects is in line with
a typical hemodyamic response indicated
by an increase in [oxy-Hb] and a decrease
in [deoxy-Hb] . The lower part of the figure demonstrates that the fastest modulation (12 ms) barely elicited a deoxy-Hb
response, while 40 ms segment lengths
led to a mostly bilateral activation in the
frontotemporal areas. In these areas, the
activation elicited by the slow modulation
frequencies (160 & 300 ms segment length)
was lateralized to the right.

Implicit processing of phonotactic cues: Evidence from electrophysiological
and vascular responses

1.2.4

Rossi, S. 1,2,3, Jürgenson, I. B. 3, Hanulíková, A. 4,5, Telkemeyer, S. 3,6, Wartenburger, I. 3,7*, & Obrig, H. 1,2,3*
(*equally contributing authors)
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
2 Clinic of Cognitive Neurology, University of Leipzig, Germany
3 Berlin NeuroImaging Center and Department of Neurology, Charité University Medicine, Berlin, Germany
4 Department of German Language and Linguistics, Humboldt University Berlin, Germany
5 Max Planck Institute for Psycholinguistics, Nijmegen, the Netherlands
6 Department of Cognitive Psychology, Humboldt University Berlin, Germany
7 Department of Linguistics, University of Potsdam, Germany
Spoken word recognition is achieved via competition
between lexical candidates that match the incoming
speech input. The competition is modulated by prelexical cues relevant for segmenting the auditory speech

stream into linguistic units. One such prelexical cue is
phonotactics, defining possible combinations of phonemes in a given language. We aim to investigate both
temporal and topographical aspects of the neuronal cor-
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relates of phonotactic processing by simultaneously applying event-related brain potentials (ERPs) and functional near-infrared spectroscopy (fNIRS). Pseudowords that
were either phonotactically legal or illegal with respect to
the participants’ native language were acoustically presented to passively listening adult native German speakers. ERPs showed a larger N400 effect for phonotactically
legal compared to illegal pseudowords (see right figure),
suggesting stronger lexical activation mechanisms in
phonotactically legal material. fNIRS revealed a left-hemispheric network including fronto-temporal regions with
greater response to phonotactically legal than to illegal
pseudowords (see left Fig. 1.2.4). This confirms hypotheses on a left-hemispheric dominance of phonotactic
processing most likely due to the fact that phonotactics

Left Hemisphere

Right Hemisphere

represent a segmental feature of language comprehension. These segmental linguistic properties of a stimulus are predominantly processed in the left hemisphere.
Thus, our study provides first insights into temporal and
topographical characteristics of phonotactic processing
mechanisms in a passive listening task.
In two successive experiments, we investigated the
above paradigm in 3- and 6-month-old infants. We find
evidence of a differential ERP-effect between legal and
illegal pseudowords in the older infants. Functional NIRS
data, however, show a bilaterally stronger activation for
phonotactically legal material. At 3 months, a preliminary
analysis suggests only a trend for the differentiation between legal and illegal phonotactics.
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Figure 1.2.4   Phonotactic processing in
adults. Legal phonotactic pseudowords
elicit a left-lateralized response when
compared to illegal pseudowords. This is
shown by a stronger decrease in deoxy-Hb
over left peri-sylvian probes with optical
imaging. The stronger attempt for lexicosemantic access in legal pseudowords is
demonstrated by simultaneously acquired
ERPs which show a more pronounced N400
component for the legal phonotactic material over central electrode positions (right).

Prefrontal-cerebellar interaction accounts for individual differences in selfcontrol
Böhringer, A. 1, Margulies, D. S. 1, Macher, K. 1, Villringer, A. 1,2, & Pleger, B. 1,2
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
2 Clinic of Cognitive Neurology, University of Leipzig, Germany
Self-control, the ability to control one’s goals, impulses,
and actions, is thought to rely on the interplay of executive brain areas in prefrontal cortex (Hare, Camerer, &
Rangel, 2009, Science, 324, 646–648). From a clinical perspective, low self-control is of broad interest because of
its association with various impulsive behaviours such as
drug abuse, alcoholism, smoking, or obesity.
Here, we used two task-independent magnetic resonance imaging (MRI) techniques (voxel-based morphom-
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etry, or VBM, and resting-state functional MRI) to identify
brain correlates of individual differences in this central
human faculty. We show that self-control, as assessed by
delay-discounting, is proportional to reductions in grey
matter volume (as assessed by VBM, see Fig. 1.2.5A-C) in
circumscribed regions of the cerebellum (bilateral crus I,
medial lobulus V, and vermis VI). Resting-state functional
MRI revealed that cerebellar region crus I shows functional connectivity to numerous contralateral cerebral areas
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including the medial and lateral prefrontal cortex (Fig.
1.2.5D). In contrast, lobulus V and vermis VI show functional connectivity to the pre- and post-central gyrus
and the supplementary motor area. Within these distinct
functional brain networks, self-control is specifically associated with changes in functional connectivity between
right cerebellar crus I and left lateral prefrontal cortex (Fig.
1.2.5D).
Seed Region

Functional Connectivity Results

partial r = –0.63
p < 0.001
2

Adjusted PE

Right Crus I

A

Our findings suggest that the cerebellum contributes to
self-control functions located in the prefrontal cortex.
Moreover, they highlight the cerebellum as a hitherto unappreciated node in the self-control network, and indicate that differences in functional connectivity between
the cerebellum and the lateral prefrontal cortex underpin
individual differences in self-control.
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Figure 1.2.5  (A) Grey matter volume (GMV) in the cerebellum was negatively associated with delay discounting (p≤0.01 corrected, superimposed
on the group mean grey matter template); (B,C) Scatterplots demonstrating the inverse relationship between GMV (adjusted for age, gender,
and total intracranial volume) at peak voxels in lobule V (B) and right crus I (C) and the square root (sqrt) of the discounting parameter k. (D) Right
crus I intrinsic functional connectivity. The blue area shown in the first column served as seed area (derived by VBM, see Fig. A). Voxels which are
positively related to intrinsic fluctuations within the seed area are shown in red (p < 0.05 corrected). Yellow arrow: Fluctuations between right
crus I and left lateral prefrontal cortex (PFC) displayed an inverse relationship with delay discounting (voxels shown in yellow, p < 0.05 corrected).
Scatter plot: Adjusted PE = Parameter estimates (adjusted for age and gender) representing the strength of connectivity between right crus I and
a peak voxel in left BA46 (MNI –10, 54, 38); Sqrt(k) =  square root of the discounting parameter k.

Obesity-related changes in brain structure and connectivity

1.2.6

Horstmann, A. 1, Busse, F. P. 2, Müller, K. 1, Anwander, A. 1, Lepsien, J. 1, Margulies, D. S. 1,3, Pleger, B. 1,4, Möller, H. 1, Stumvoll,
M. 2, & Villringer, A. 1,4
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
2 Department of Endocrinology, University of Leipzig, Germany
3 Berlin School of Mind & Brain and Brain & Mind Institute, Humboldt University Berlin, Germany
4 Clinic of Cognitive Neurology, University of Leipzig, Germany
Growing evidence suggests that obesity is associated
with changes in brain morphology and function. To explore these changes, we used non-invasive structural
brain mapping (i.e., voxel-based morphometry, or VBM,
and diffusion-tensor imaging, or DTI) to investigate bodyweight dependent differences in brain structure and
connectivity in a sample of normal to obese subjects
(BMI 18.9–50.7, mean 29.1 ± 6.8 kg/m). T1-weighted im-

ages were analyzed using DARTEL for VBM. DW-images
were analyzed by fitting a diffusion tensor to each voxel
and computing the fractional anisotropy (FA).
We show differences in grey matter density (using VBM)
associated with BMI in the orbitofrontal cortex (OFC) and
the striatum (p < .05, corrected for multiple comparisons
at cluster level, see Figure 1.2.6A). Both regions are located in the frontal lobe and represent key players in the
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central reward network. OFC has been implicated in linking food and other types of reward to hedonic experience (Kringelbach, 2005, Nat Rev Neurosci, 6, 691–702). In
close agreement with these findings, we also show BMIrelated changes in white matter fibre tractography (i.e.,
DTI revealed a negative correlation between BMI and FA
at p < .05, corrected for multiple comparisons, see Figure
1.2.6B) within the particular part of corpus callosum that
specifically connects the frontal lobes (and thus striatum
and OFC) of both hemispheres.
Our findings indicate that structural changes in key reward regions and their transcallosal connections may underpin pathological eating behaviour.

B
Figure 1.2.6  Changes in brain morphology associated with higher BMI.
(A) Changes in grey matter volume in the orbitofrontal cortex and left
putamen of normal to obese subjects. Inset shows the correlation between grey matter volume and BMI. (B) Changes in connectivity and
fractional anisotropy in the frontal cortex. Left: Connectivity of voxels
with altered fractional anisotropy. Right: Voxels with lower fractional
anisotropy.

1.2.7

Performance-related grey and white matter changes in the human brain
during complex motor skill learning
Taubert, M. 1, Draganski, B. 1*, Anwander, A. 1*, Müller, K. 1, Horstmann, A. 1, Villringer, A. 1, & Ragert, P. 1
(*equally contributing authors)
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
Learning a new motor skill is associated with distinct
functional and structural changes in the human brain
(Karni, Meyer, Jezzard, Adams, Turner, & Ungerleider, 1995,
Nature, 377, 155–158; Draganski, Gaser, Busch, Schuierer,
Bogdahn, & May, 2004, Nature, 427, 311–312). Thus far, the
behavioural relevance of motor skill learning-induced
structural changes still remains elusive. In the present
study, we performed a complex whole-body dynamic
balancing task in 14 young, healthy volunteers over a
time course of 6 weeks, with one training day each week.
Structural changes were assessed in a longitudinal design
before, during, and after the 6 weeks of training. Apart
from the assessment of performance-related structural
changes in grey matter, a central question was whether
such structural changes could also be observed in the
white matter fractional anisotropy (FA), a phenomenon
that has to date only been observed in cross-sectional
studies (Bengtsson, Nagy, Skare, Forsman, Forssberg, &
Ullen, 2005, Nat Neurosci, 8, 1148–1150; Tuch, Salat, Wisco,
Zalata, Hevelone, & Rosas, 2005, Proc Natl Acad Sci USA,
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102, 12212–12217). We showed that motor performance
of the whole-body dynamic balancing task improved
during the 6 weeks of training (Fig. 1.2.7A). A significant
expansion of grey matter volume was observed in left
premotor cortex, bilateral dorsolateral prefrontal cortex, and left orbitofrontal and frontopolar cortex (FPC,
Fig. 1.2.7B). The FPC changes were positively correlated
with improvements in motor performance during the 6
weeks of training. Moreover, FA changes in adjacent prefrontal regions negatively correlated with improvements
in motor performance (Fig. 1.2.7C). An additional analysis
showed that grey matter changes in bilateral premotor
cortex, bilateral prefrontal cortex and left inferior parietal
cortex could already be detected after 2 training days,
indicating rapid but transient learning-related plasticity in motor-associated areas (Fig. 1.2.7D). This is the first
study to show a direct linear relationship between grey
matter changes and improvements in motor performance. Furthermore, we demonstrate the novel finding
that apart from these grey matter changes, white matter
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Figure 1.2.7  (A) Improvements in motor performance during the 6 weeks of training and
retention of motor skill after a period of 3
months without task performance. (B) Left:
Increase in grey matter volume from baseline
(s1) to the learning period (s2, s3, s4; p < 0.05
corrected). Right: Percent signal change to
baseline scan in peak voxel in FPC. (C) Left:
Direct linear relationship between individual
improvements in motor performance and
decreased FA in bilateral prefrontal and right
insular white matter (p < 0.05 corrected).
Right: Absolute signal change during the
learning period in left prefrontal white matter. (D) Left: Rapid increase in grey matter volume in bilateral premotor, bilateral prefrontal
and left inferior parietal cortex after 2 training
days (2 × 45 min. training; p < 0.05 corrected).
Right: Percent signal change to baseline scan
in peak voxel in left premotor cortex.

Functional and structural changes in the human brain following motor skill
learning on 5 consecutive days: A TMS and VBM study

1.2.8

Gryga, M. 1*, Taubert, M. 1*, Villringer, A. 1, & Ragert, P. 1 (*equally contributing authors)
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
Recent imaging studies have provided compelling evidence that structural brain alterations in adult human
subjects are already detectable after 5 days of intervention. However, it is still unclear if such structural changes
could also be induced by the acquisition of a new motor skill. Furthermore, the relationship between structural
brain alterations and individual gains in motor performance still remains elusive. In the present study, healthy
right-handed individuals had to perform a sequential
pinch force task (SPFT) with their dominant hand on 5
consecutive days. We assessed rapid structural grey
matter changes before and after the learning period

in a longitudinal design. Moreover, to study functional
changes in the motor system, we measured corticospinal excitability by means of transcranial magnetic stimulation (TMS) on each learning day. Subjects performing
the SPFT on 5 consecutive days showed significant performance improvements within and between each day
(see Fig. 1.2.8B). Preliminary data provide evidence that
motor skill learning is correlated with distinct structural
changes in motor-related cortical areas such as bilateral
sensorimotor cortex, supplementary motor area, right
dorsal premotor cortex, and right parahippocampal gyrus (see Fig. 1.2.8A). Furthermore, we found a significant
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increase in corticospinal excitability within primary motor
cortex contralateral to the trained hand.
In summary, in this study we provide further evidence of
a positive linear relationship between performance im-
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Figure 1.2.8  (A) Multiple regression analysis. Positive linear correlation between grey matter changes and individual performance improvements
in percent (T-score = 3.6, extent threshold k = 250 voxels). (B) Individual performance in the SPFT (RMSE) on 5 consecutive days (6 trials per day).
We found a significant day X trial interaction (repeated measures ANOVA: F(20,160) = 2.260; p = 0.003).

1.2.9

Influence of dopaminergically mediated reward on somatosensory
decision-making
Pleger, B. 1,2, Ruff, C. C. 2,3, Blankenburg, F. 2,3, Klöppel, S. 2, Driver, J. 2,3, & Dolan, R. J. 2
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
2 Wellcome Trust Centre for Neuroimaging, University College London, United Kingdom
3 Institute of Cognitive Neuroscience, University College London, United Kingdom
There has been considerable interest in the role of the
neurotransmitter dopamine in reward influences on
learning and behaviour, with many studies focusing on
such processes in the basal ganglia. What remains less
clear is whether dopaminergically-mediated reward can
influence low-level sensory processing as implemented in primary sensory cortex (Pleger et al., 2008). In this
study, we show that dopamine is also involved in reward
modulation of human primary somatosensory cortex in
the context of somatosensory decision-making (Pleger,
Ruff, Blankenburg, Klöppel, Driver, & Dolan, 2009, PLoS
Biol). We performed functional magnetic resonance imaging (fMRI) while subjects judged electric somatosensory stimuli on either hand before being rewarded at trialend via a visual signal at one of four anticipated financial
levels (0, 20, 50, or 80 cents per correct trial). Prior to the
procedure, subjects received either a placebo (saline), a
dopamine agonist (levodopa), or an antagonist (haloperidol).
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A higher anticipated reward improved tactile decisions
(see bar plots in the centre of Fig. 1.2.9), and receipt of
visual reward signals re-activated primary somatosensory
cortex for the judged hand (see figures right and left of
the bar plots).
After receiving a higher reward on one trial, decisions and
somatosensory activations were enhanced on the next
trial, suggesting that reward outcome provides a form of
teaching signal that may be fed back to task-relevant sensory cortex. Our pharmacological intervention indicated
that all the behavioural and neural effects of reward on
somatosensory decision-making clearly depend on dopamine as the mediating neurotransmitter (see Fig. 1.2.9).
These findings raise the tantalizing new possibility that
reward manipulations might be used to enhance pathologically deficient or lapsed sensory processes, analogous to how rewards can be used to shape or correct
behaviour.
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Figure 1.2.9  Bar plots in the centre show percent correct judgments for different reward magnitudes under placebo, levodopa, or haloperidol,
shown separately for the right (red) and left (green) index fingers, plotting group means +/- s.e.m. For placebo (top row), we found a monotonic
effect of increasing the potential reward leading to an increasing proportion of correct sensory decisions. This effect was more pronounced for
levodopa (middle row), but attenuated and indeed eliminated for haloperidol (bottom row). These findings indicate that the impact of the anticipated amount of financial reward on tactile decision accuracy is modulated by dopaminergic influences.
Reward versus no-reward feedback for the left (left of the bar plots) and right index finger (right of the bar plots). In the trials where either the
left or the right index finger had been rewarded for correct judgment, regions within contralateral primary somatosensory cortex (including BA1,
BA2, and BA3b) showed changes in BOLD responses reflecting an interaction between central dopamine levels and reward at the time-point corresponding to when financial reward or non-reward was delivered visually (drug-by-reward interaction thresholded at p = .05). Re-activation of
contralateral primary somatosensory cortex by visual reward-delivery increased with increased central dopamine levels – an effect comparable
to the drug effect seen in ventral striatum and orbitofrontal cortex (results not shown). PSC = primary somatosensory cortex. IF = index finger.
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Development of New Diagnostic and Rehabilitative Strategies

Genotype-phenotype interactions revealed by differential changes in brain
structure

1.3.1

Draganski, B. 1,2, Schneider, S. A. 3, Fiorio, M. 4, Klöppel, S. 2,5,6, Gambarin, M. 4, Tinazzi, M. 4,7, Ashburner, J. 1, Bhatia, K. P. 3, &
Frackowiak, R. S. J. 2
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
2 Wellcome Trust Centre for Neuroimaging, University College London, United Kingdom
3 Sobell Department of Motor Neuroscience and Movement Disorders, Institute of Neurology, University College
London, United Kingdom
4 Department of Neurological and Vision Sciences, Section of Rehabilitative Neurology, University of Verona, Italy
5 Department of Psychiatry and Psychotherapy, Albert Ludwig University Freiburg, Germany
6 Freiburg Brain Imaging, Department of Neurology, Albert Ludwig University Freiburg, Germany
7 Neurology Unit, Borgo Trento Hospital Verona, Italy
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We designed an experiment to examine how a neurological symptom, dystonia, arises in the context of the
presence or absence of a mutation of the DYT1 gene
by monitoring the brain structure. Dystonia provides an
excellent model because the symptom also manifests
in the absence of a DYT1 mutation, which is itself only
partially penetrant. Basal ganglia dysfunction driven by
aberrant plasticity phenomena partially due to dopamine dysfunction and disorganized
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somatotopic organization is considered
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to be a major factor contributing to
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dystonia (Baumer, Demiralay, Hidding,
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Bikmullina,
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Sant´Angelo, Romano et al., 2005; Brain,
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Stomatic DYT1 patients resembling that
Figure 1.3.1  Statistical parametric maps (SPMs) of structural changes in grey matter representof non-DYT1 adult-onset primary dysing the anatomical expression of both genotype-phenotype interactions: (([1S +M-]-[S+M+])
tonia (Draganski, 2009).
vs ([S-M+]-[S-M-])) and (([2S +M-]-[S+M+]) vs ([S-M+]-[S-M-])).
We interpret our results in terms of
(A-C) For presentation purposes, the SPMs are superimposed on a T1-weighted image at a
dynamic regulation and deregulation
threshold of p < 0.001, uncorrected. Parameter estimates at voxel maxima in the left putamen [–26 –5 –4].
of the capacity for plastic change by
(D, F) Bar plot and interaction plot of crossover interaction between factors genotype [DYT1
gene-dependant modulation at difM+ or M-] and phenotype [S+ or S-]. Familial [1S+M-] and sporadic [2S+M-] non-DYT1 dystonferent stages of brain development.
ics labelled with numbers 1 and 2 in the interaction plot.
(E) Voxel displayed on “glass brain” show significant effects at p < 0.05 after FWE correcThese findings have also implications
tion for multiple comparisons over the whole brain. Coordinates [x y z] refer to the Montreal
for our understanding of basic mechNeurological Institute (MNI) standard stereotactic space.
anisms underlying neural plasticity
[S+M+] - DYT1 mutation positive dystonics
[1S+M-] - Familial DYT1 mutation negative dystonia
in the adult human brain (Draganski,
[S-M+] - DYT1 mutation positive asymptomatic carriers
Gaser, Busch, Schuierer, Bogdahn, &
[S-M-] - Healthy controls
May, 2004, Nature, 427, 311–312).
[2S+M-] - Sporadic DYT1 mutation negative dystonia
contrast estimate at
[-26 -5 -4]

In monogenic neurological disease, a single mutation can
lead to a variety of clinical (phenotypic) manifestations
(e.g., Huntington’s disease); likewise, the same phenotype
can result from a number of different genetic mutations
(e.g., hereditary Alzheimer’s diseases). The question is
how genotype-environmental interactions lead to differential expression. One way of addressing this issue is to
explore such interactions through an intermediate stage.
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1.3.2

Resuscitating the heart but losing the brain – brain atrophy in the
aftermath of global cerebral ischemia after cardiac arrest
Horstmann, A. 1, Frisch, S. 2, Jentzsch, R. T. 2, Müller, K. 1, Villringer, A. 1,2, & Schroeter, M. L. 1,2
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
2 Clinic of Cognitive Neurology, University of Leipzig, Germany
Myocardial infarction and cardiac arrest are serious and
frequent health threats in industrialized countries. Many
survivors of cardiac arrest are left with considerable longterm impairments due to a transient global ischemia of
the brain. Traditionally, these patients are known to suffer
most prominently from an amnestic syndrome. However,
additional impairments may occur, as for example, behavioural (especially apathy) and executive deficits (Caine, &
Watson, 2000, J Intern Neuropsychol Soc, 6, 86–99). To
date, there is no complete and unbiased documentation
of the affected brain areas in humans in vivo. Such a documentation is important for optimal planning of therapeutic approaches. Accordingly, we explored the pattern
of structural changes in grey matter following cardiac arrest to investigate the neural basis of neuropsychological
deficits.
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Using voxel-based morphometry of T1-weighted structural magnetic resonance images of the whole brain, we
analyzed grey matter loss in a sample of 12 patients who
experienced cardiac arrest with subsequent resuscitation
in comparison with an age- and sex-matched control
group. Additionally, grey matter values were correlated
with neuropsychological scores to ensure specificity of
identified grey matter loss.
As illustrated in Fig. 1.3.2.1, we found extensive lower
grey matter density in the anterior, medial, and posterior
cingulate cortex, the precuneus, the insular cortex, the
posterior hippocampus, and the dorsomedial thalamus
within the patient group.
Memory impairment scores correlated best with grey
matter loss in the inferior precuneus, apathy scores correlated best with tissue loss in the anterior cingulate cortex
(Fig. 1.3.2.2).
The consistent pattern of brain tissue loss substantiates
previous reports of wide-ranging impairments in hypoxic patients. Specificity of tissue loss was demonstrated
by the correlation with neuropsychological scores. Our
study contributes to the understanding of brain dysfunction in the aftermath of cardiac arrest, and has important
implications for planning therapeutic approaches.
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Figure 1.3.2.1  Regional differences in grey matter density between patients and healthy controls. p < .01, corrected. Colour bar represents
respective t-values. a anterior, l left, p posterior, r right.
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Figure 1.3.2.2   Correlation between neuropsychological impairment
and brain tissue atrophy. Memory: p < .005, FDR-corrected; Drive:
p < .05 FDR-corrected. Circles adjusted data, crosses plus error.
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Neural correlates of Alzheimer’s disease and mild cognitive impairment:
A systematic and quantitative meta-analysis involving 1351 patients

1.3.3

Schroeter, M. L. 1,2, Stein, T. 3, Maslowski, N. 1, & Neumann, J. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
2 Clinic of Cognitive Neurology, University of Leipzig, Germany
3 Department of Psychology, Princeton University, NJ, USA
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Alzheimer’s disease (AD) is the most
MCI vs. Control
MCI Subtypes
common form of dementia. Its prodromal stage, amnestic mild cognitive impairment (MCI), is characterized by deficits of anterograde
y = –58
x=3
z=3
y = –17
x = 38
z = 30
episodic memory. The development
of standardized imaging criteria is a
prerequisite for future clinical studies. Specifically, the evaluation of future preventative and therapeutic iny = –50
x=5
z = 40
y = 23
x=4
z = –21
terventions will benefit significantly
from imaging biomarkers which can
serve as surrogate parameters for
disease development and potential
y = –7
x = –46
z = –15
y = –46
x=1
z = 44
“therapeutic success”.
Accordingly, we conducted a systematic and quantitative meta-analysis to reveal the prototypical neural
y = –19
x = –37
z = –19
0.005
0.009
0.004
0.010
correlates of AD and its prodromal
stage (Schroeter, Stein, Maslowski,
Figure 1.3.3.1   Left: Results of the quantitative meta-analyses for MCI. Reductions in glucose
& Neumann, 2009, NeuroImage). To utilization (FDG-PET), perfusion and atrophy (MRI). Right: Prediction of AD. Neural impairments
avoid any a priori assumptions, and in converters that developed from MCI to AD later (Conv), and non-converters with stable MCI
to enable a data-driven approach, (Nconv). Co: Control subjects. Left side is left.
only studies applying quantitative
automated whole brain analysis were included. A total
AD vs. Control
of 40 studies were identified involving 1351 patients and
1097 healthy control subjects reporting either atrophy or
decreases in glucose utilization and perfusion. The cur0.013
rently most sophisticated and best-validated coordinatey = –58
x=3
z=3
based voxel-wise meta-analysis method was applied (anatomical likelihood estimates, ALE).
The meta-analysis revealed that MCI structurally affects
the (trans-)entorhinal and hippocampal region, and funcy = –50
x=5
z = 40
tionally affects the inferior parietal lobules and precune0.006
us (Fig. 1.3.3.1). Atrophy in the (trans-)entorhinal area/hippocampus and hypometabolism/hypoperfusion in the
inferior parietal lobules most reliably predicted the progression from amnestic MCI to AD, whereas changes in
y = –7
x = –46
z = –15
the posterior cingulate cortex and precuneus seem less
Figure  1.3.3.2  Results for AD. Reductions in glucose utilization (FDGspecific.
PET), perfusion and atrophy (MRI). Left side is left.
As illustrated in Fig. 1.3.3.2, fully developed AD additionally involves a frontomedian-thalamic network.
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Our study characterizes the prototypical neural substrates of AD and its prodromal stage, amnestic MCI. By
isolating predictive markers, it lays a foundation for successful treatment strategies in the future and contributes

1.3.4

to standardized imaging inclusion criteria for AD as suggested for future diagnostic systems such as the DSM-V
and ICD-11.

Diagnostic and therapeutic approaches in clinical neuropsychology at the
Clinic of Cognitive Neurology
Thöne-Otto, A. 1, Frisch, S. 1, Böhringer, A. 2, Draganski, B. 2, Förstl, S. 1, Jentzsch, R. T. 1, Klein, T. 2, Lepsien, J. 2, Müller, K. 2,
Nebel, T. 1,2, Paucke, M. 1, Pleger, B. 2, Thiel, F. 1, & Guthke, T. 1
1 Clinic of Cognitive Neurology, University of Leipzig, Germany
2 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany

Development of diagnostic tools / predictive parameters
Executive functioning is impaired in approximately twothirds of stroke patients of working age and is of particular
relevance to the learning of compensational strategies in
rehabilitation, as well as the resumption of employment.
Although patients with focal prefrontal lesions commonly manifest behavioural deficits in the real world, it
has been difficult to measure these impairments in the
clinic or laboratory. Therefore, Förstl and Frisch (2009) developed an ecologically valid cooking task in order to assess executive deficits, namely problems in multitasking,
in everyday life. In comparison to healthy controls, braindamaged patients (stroke, traumatic brain injury) showed
less exploration and controlling behaviour, needed more
time, and preferred to accomplish the different sub-steps
serially rather than in parallel (i.e., they tended to avoid
multitasking). The evaluation protocol, therefore, allows
the quantification of behavioural deficits related to dysexecutive functioning even if performance on psychometric tests is normal.
Another aspect of executive functioning are non-aphasic
communication disorders. Again, assessment is difficult
since patients perform normally on standard speech and
language tests. Nevertheless, they have a great deal of
difficulty in social behaviour due to these communication disorders. In order to improve assessment, Jentzsch,
Guthke, and Ferstl developed text passages with either
temporal or emotional incoherences. In their study, 20
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nonaphasic patients performed a coherence judgment
task requiring them to indicate whether or not short
stories were coherent. Jentzsch et al. were able to show
that patients with prefrontal lesions were significantly
impaired in detecting emotional but not temporal incoherences. These results confirm the hypothesis that the
frontal lobes contribute to special aspects of inference
processes.
  
Executive functioning and its high correlation to social
functioning also contributes to post-stroke vocational
outcomes. Since resumption of employment may depend on many different variables, Guthke, Miedtank,
Regenbrecht, and Hartwig developed an assessment
tool in order to define predictors of successful return
to work after brain injury. Patients, as well as employers,
were asked to assess the cognitive requirements of the
patient’s workplace. In addition, patients and therapists
rated the patient’s strengths and weaknesses in these
60
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At the Clinic of Cognitive Neurology, the clinical neuropsychology research group develops and evaluates new
diagnostic tools and new cognitive rehabilitation strategies, with an emphasis on frontal lobe functions (executive control and working memory).
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Figure 1.3.4  Mean percentage of errors as a function of information
type and lesion location. The error bar indicates one standard error above the mean. The interaction reached significance (F = 6.0;
p < 0.05). There was no difference for the temporal stories dependent
on the lesion location, but patients with prefrontal brain damage had
more difficulties in the emotional condition.

Development of New Diagnostic and Rehabilitative Strategies

cognitive domains. On the basis of this questionnaire,
methods of multidisciplinary vocational rehabilitation are
being evaluated.
Clinical treatment studies
Working memory as one aspect of executive functioning
has a high impact on almost all other cognitive domains.
Thöne-Otto, Frisch, Müller, Nebel, Pleger et al. have therefore developed an internet-based working-memory
training programme in order to support plasticity after
stroke in this highly relevant domain. In a randomized
control-group design, the working memory training will
be compared to training in visual search, as well as to a
no-training control group. Training effects will be evaluated behaviourally as well as with several imaging techniques (VBM, DTI, resting state fMRI). After evaluation of
the training in healthy subjects, it will be applied in a
sample of stroke patients with critical focal lesions and
working memory deficits. A further relevant question
with regard to these patients is to what extent training
working-memory capacity may improve language deficits and enhance the effectiveness of speech therapy.

Thöne-Otto, Werheid, Kurz et al. (2009) developed a
neuropsychologically based behavioural therapy programme for patients with early Alzheimer’s disease. The
12-week programme targets increasing pleasurable activities, establishing daily and weekly routines, applying
individualized memory aids, and strengthening personal
identity. The programme includes both individual therapy sessions and sessions involving the primary caregiver.
The efficacy of the programme in comparison to standard medical treatment is currently being evaluated in a
multi-centre, randomized, controlled study (“CORDIAL”) in
200 patients with early Alzheimer’s disease (MMSE ≥ 21).
Outcome measures are the patients’ functional ability,
mood, quality of life, and non-cognitive symptoms. Thus
far, 201 patients have been recruited (mean age 74 years).
The programme has been well accepted among patients
and caregivers, with continuous attendance and a low
drop-out rate. Awareness of cognitive deficits and their
severity seems to be crucial for subjectively perceived
therapeutic outcomes. Further data analysis is in progress.
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Congresses, Workshops, and Symposia
2008

Villringer, A. (February–March). 2nd International Symposium and Training Academia of Competence Network
Stroke (ISCNS). Symposium. Competence Network Stroke (KNS), Berlin, Germany.
Guthke, T., & Regenbrecht, F. (November). Treatment of Language and Communication Disorders. Symposium.
Therapists’ Meeting Leipzig. Clinic of Cognitive Neurology, University of Leipzig, Germany.

2009

Obrig, H. (April). Kognitive Aspekte der akuten und rehabilitativen Neurologie [Cognitive Aspects of Acute and
Rehabilitative Neurology]. Symposium. Clinic of Cognitive Neurology, University of Leipzig, Germany.
Flach, S., Cordell, R., Schnalke, T., Söffner, J., & Villringer, A. (July). Habitus in Habitat I – Emotion and Motion.
Conference. Berlin School of Mind and Brain, Germany.
Flach, S., Cordell, R., Schnalke, T., Söffner, J., & Villringer, A. (November). Habitus in Habitat II – Other Sides of
Cognition. Congress. Berlin School of Mind and Brain, Germany.
Villringer, A. (November). 3rd International Symposium and Training Academia of Competence Network Stroke
(ISCNS). Symposium. Competence Network Stroke (KNS), Berlin, Germany.
Schroeter, M. L.,  Förstl, H. (November). Losing Your Self – Neural Correlates of Frontotempopral Dementia.
Symposium, 2009 Congress German Association for Psychiatry and Psychotherapy, Berlin, Germany.
Schroeter, M. L., Falkai, P. (November). Mood Disorders as Glial Disorders. Symposium, 2009 Congress German
Association for Psychiatry and Psychotherapy, Berlin, Germany.

Degrees
Habilitation
2008

Pleger, B. Reorganisation of human somatosensory cortex. Medical Faculty, University Duisburg-Essen,
Germany.

PhD Theses
2008

Gollrad, J. M. Functional subregions within Wernicke´s area: Neuronal substrates for semantic and phonological processing. University of Leipzig, Germany.
Horstmann, A. Sensorimotor integration in human eye-hand coordination: Neural correlates and charac-teristics of the system. Ruhr University Bochum, Germany.

2009

Kühn, S. Busy doing nothing: Behavioural correlates and neural representations of action omission. University
of Leipzig, Germany.
Margulies, D. S. Resting-state functional connectivity fMRI: A new approach for assessing functional neuroanatomy in humans with applications to neuroanatomical, developmental and clinical questions. Humboldt
University Berlin, Germany.
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Language is a faculty unique to humans, and it has long been debated to
what extent this faculty has a unique biological foundation. Based on functional and structural imaging data, we have argued for a specific neural network which supports the processing of complex hierarchical sequences, an
ability only present in humans, but not in non-human primates. This network
consists of the pars opercularis (BA 44) which connects via a dorsal pathway
(arcuate fascile/superior longitudinal fascile) to the posterior superior temporal cortex (pSTG/STS). Within this network, BA 44 is responsible for the processing of complex syntactic hierarchies, but appears to be domain-unspecific as it is also active when processing complex hierarchical structures in
the visuo-spatial domain. The pSTG/STS supports the processing of complex
syntax and the integration of syntactic and semantic information, but moreover serves to integrate across domains (i.e., gesture and speech). Thus, it appears that it is not the different regions as such, but their connection within
the defined network which creates the basis for the human ability to process
syntactically complex sentences. In accordance with this view, we found that
at an age when children are not yet able to deal with syntactically complex
language, the fibre tract connecting BA 44 and pSTG/STS dorsally is not fully
developed. The ventral pathways, however, are fully developed in children.
These are the uncinate fascile and the extreme capsule fibre system, connecting ventrally parts of the inferior frontal gyrus (IFG) with the mid-to-anterior
STG/STS.
This functional-structural model of language has been developed and
refined over the past years and has guided much of our research in the
Neurocognition of Language Processing group as well as some of our work in
the Neurocognition of Language Learning group.
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2.1

Neurocognition of
Language Processing

The Language Network. Our research in the past two
years has concentrated on the functional specification of
the inferior frontal gyrus (IFG) and the superior temporal gyrus (STG) and sulcus (STS) as part of the left hemispheric language network. Generally, this network has
been confirmed in a low frequency fluctuation analysis
conducted across four different language and two nonlanguage fMRI experiments. Correlational patterns between left BA 44 (and frontal operculum, FOP) and the
left posterior STG/STS were found for the four language
studies, but not for the non-language studies, indicating
the existence of a basic language network (Lohmann,
Hoehl, Brauer, Danielmeier, Bornkessel-Schlesewsky,
Bahlmann, Turner, & Friederici, 2009; cf. Chapter 4, Dept
of Neurophysics). Structurally, we identified two distinct
syntax-related networks, one involving BA 44 and posterior STG (pSTG) connected via a dorsal pathway, and one
consisting of FOP and anterior STG (aSTG) connected via
a ventral pathway (Friederici, Bahlmann, Heim, Schubotz,
& Anwander, 2006, PNAS, 103, 2458–2463). The potential
functional role of these pathways for language is discussed in a recent review (Friederici, 2009b).
Processing Hierarchy in the IFG. On the basis of artificial
grammar studies, BA 44 in Broca’s area was previously specified as supporting the processing of complex
syntactic hierarchies (Bahlmann, Schubotz, & Friederici,
2008). A study investigating the processing of syntactic
hierarchies in a natural language confirmed this view
and, moreover, was able to neuroanatomically segregate
syntax from verbal working memory, with the former
occupying BA 44 and the latter the left inferior frontal
sulcus (2.1.1). The processing of complex hierarchically
structured sentences not only activated BA 44, but additionally the pSTG/STS (Friederici, Makuuchi, & Bahlmann,

2009). A further fMRI study compared the two linguistic
operations ‘scrambling’ and ‘movement’. While both involved Broca’s area to a similar degree, they differentially
involved the left STS (2.1.2). In contrast, the ventral premotor cortex was found to be involved in the prediction
of local syntactic structures (2.1.3). From these findings,
we can conclude that the function of Broca’s area during syntax processing is to deal with complex hierarchical structures, whereas the pSTG is called upon in a more
differential way.
In order to see whether the function of BA 44 as a hierarchy processor holds across domains, two additional
experiments were conducted: one in the visuo-spatial
domain and one in mathematics. The former study revealed that BA 44 is involved in hierarchical processes
even when dealing with visuo-spatial material (2.1.4),
whereas the latter showed that processing hierarchy in
mathematical formulae involves a more anteriorly located area, namely BA 47 (Friedrich, & Friederici, 2009). While
the latter result is consistent with a posterior-to-anterior
gradient model of hierarchical complexity in the prefrontal cortex, the former is not, thus calling for a new, more
differentiated model.
The Temporal Cortex in Language Processing. A number of
structural and functional studies focused on the temporal cortex. Using DTI based parcellation, we were able to
structurally segregate the superior temporal cortex into
an anterior, mid, and posterior portion, although no segregation was found between STG and STS (2.1.5). This is
interesting, as the available literature suggests a functional separation of STS (for intelligibility) and STG (for
syntax). In an fMRI experiment crossing intelligibility and
syntactic correctness, we found a large activation overlap, but also specific activations for syntax in left pSTG as
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well as in mid-to-anterior STG and for intelligibility in the
most anterior portion of the STS bilaterally (2.1.6). The involvement of the mid-to-anterior STG region in syntactic
processing was further specified in its temporal course in
an MEG experiment using intelligible, but syntactically violated sentences. We found an initial syntax effect (prior
to 100 ms) in the primary auditory cortex and a later effect (after 180 ms) in the more anteriorly located planum
polare (2.1.7). The  effect of speech degradation on the
activation in the temporal cortex was further investigated with respect to its spectral and temporal characteristics (Obleser, Eisner, & Kotz, 2008), its effects on semantic
processing (2.1.8), and its general effects on speech comprehension in a meta-analysis (2.1.9). This analysis suggests that the planum temporale is most sensitive to the
degradation of speech.

us to model the language network either with or without
the thalamus in dynamic causal models (DCM) of MEG
data. Models including the thalamus as a possible subcortical contributor outperformed the others, and moreover indicated that thalamocortical loops enhance crosstalks between aSTG and FOP (David, Maess, Eckstein, &
Friederici, see Chapter 6.2, MEG and EEG).
Gesture and Speech. Two studies investigated the interaction and integration of gesture and speech during language comprehension; an ERP (2.1.10, 2.1.11) and an fMRI
study (2.1.12). The fMRI experiment was able to show that
the integration of iconic gestures and speech under adverse listening conditions is correlated with activation
in left pSTS/STG, suggesting a key role of this region in
speech-gesture integration.

Subcortical Structures. Intracranial recordings were used
to specify the contribution of subcortical structures to
sentence processing. The study indicated that the thalamus is involved in the processing of syntactic and semantic violations (Wahl, Marzinzik, Friederici, Hahne, Kupsch,
Schneider, Saddy, Curio, & Klostermann, 2008). This lead

2.1.1

Segregating the core computational faculty of human language from
working memory
Makuuchi, M. 1, Bahlmann, J. 1, Anwander, A. 1, & Friederici, A. D. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
Long sentences are often difficult to understand, even
if they are grammatically correct. Our limited ability to
comprehend them has been related to the limited capacity of the verbal working memory system in which
words are held online. However, structural complexity is
also a source of the difficulty in language comprehension. For example, doubly centre-embedded sentences
such as “The man the boy the dog bit greeted is my
friend.” is by no means easy to understand, because we
have to build the relations of “who did what to whom”
from the nested structure. Since the structural (syntactic)
complexity often entails a higher working memory load
compared to plain structures, the neuroanatomical segregation of these two aspects (i.e., structural complexity
and working memory load) has not been accomplished
so far. To address this issue, we designed a 2 × 2 factorial
design with factors “structural complexity” and “memory
load” (Fig. 2.1.1.1). The factor STRUCTURE had two levels:
complex hierarchical structure made by centre-embedding clauses and simpler linear structure without em-
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bedding clauses. The factor DISTANCE represented the
memory load measured by the distance (long or short)
between the outermost subject and verb. An ANOVA of
fMRI data revealed a clear dissociation of the neural correlates for the processing of structural complexity (left pars
opercularis, LPO) from that for verbal working memory
(left inferior frontal sulcus, LIFS) required in the sentence
processing. The psychophysiological interaction (PPI)
analysis showed a closer signal coupling between the
two regions during the processing of complex structure
(Fig. 2.1.1.2). Furthermore, diffusion tensor imaging (DTI)
data provided evidence of the anatomical connection
between the two regions (Fig. 2.1.1.3). These results suggest that the core computational faculty of language is
segregated from the working memory system, although
they are functionally and anatomically connected.
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B

A
Type of
Distance of
Structure Dependency
A Doublynested

Long (8)

B Singlynested

Short (4)

C Linear

Long (8)

D Linear

Abstract
Structure

Sentence
Structure

Peter wusste, dass...
Peter knew that...

Condition A

hierarchy & long distance (8 words)

A3 A2 A1 B 1 B 2 B 3 S 3 S 2 S 1 V 1 V 2 V3

A2 A1 B 1 B 2 C C

S2 S1 V1 V2 X X

[Maria, [die Hans, [der gut aussah], liebte], Johann geküsst hatte]
1
2
3
4 5
6
7
8
9
10
Maria who loved Hans who was good looking kissed Johann.

A1 C C C C B 1

S1 X X X X V1

Condition B

A1 C C B 1 C C

S 1 X X V1 X X

[Maria, [die weinte], Johann geküsst hatte] und zwar gestern abend]
1
2
3
4
5
6
7 8
9
10

Short (4)

hierarchy & short distance (4 words)

Maria who cried kissed Johann and that was yesterday night.

Figure 2.1.1.1  Experimental conditions
(A) Conditions: Conditions A and B had hierarchical structures, and
C and D had a linear structure. Abstract structures were represented
with A, B, and C, where A and B denote dependent pairs. Pairings are
indicated by subscript and by colours. Sentence structures were created by replacing A with S (subject), B with V (verb) and C with X (other
sentential elements).
(B) Sentence examples: Sentences in all conditions always started with
“Peter wusste, dass” (Peter knew that). Only the complement clauses of
the four conditions were shown. Complement clauses were constructed with ten words. Distance was defined by the number of words between the main subject and the verb, that is, eight words (long) or four
words (short). The main subjects and the verbs are underlined.

Condition C

linear & long distance (8 words)

[Achim den großen Mann gestern am späten Abend gesehen hatte.]
1
2
3
4
5
6
7
8
9
10
Achim saw the tall man yesterday late at night.

Condition D

linear & short distance (4 words)

[Achim den großen Mann gesehen hatte und zwar am Abend]
1
2
3
4
5
6
7
8
9
10
Achim saw the tall man at night and that was late.

Figure 2.1.1.2  Results of PPI analysis
The results of PPI and ANOVA projected onto the surface of the left
hemisphere of the brain. Violet: significant cluster for PPI analysis. Redorange: main effect of STRUCTURE, Blue: main effect of DISTANCE,
Green: area 44, Yellow: area 45. The search volume was confined to left
inferior frontal gyrus (LIFG), and SPM{T}s are thresholded at p < 0.05
(corrected for LIFG VOI). The seed region for PPI analysis was centred at
the maxima in the LPO cluster that had the main effect of STRUCTURE
(the red-orange cluster). PPI analysis detected the regions that showed
an increase in effective connectivity with the seed region during the
hierarchical conditions relative to the linear conditions.

A

B

C

D

Figure 2.1.1.3  Anatomical connections
Deterministic fibre tracking in one participant’s DTI data is shown with the transparent surface brain. Anatomical connections between the LPO
(revealed by the main effect of STRUCTURE, red) and LIFSm (revealed by PPI analysis, violet), LIFSa, and LIFSp (by the main effect of DISTANCE,
blue) are depicted from three different views (A, left; B, superior; C, frontal). The connections between LIFSm and LIFSa and LIFSm and LIFSp are
indicated from the left frontal view (D). The connections between LIFSa and LIFSp are not shown. The fibres are coloured differently, a = anterior,
p = posterior, m = middle part.
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2.1.2

Brain mechanisms for two fundamental linguistic operations on word
ordering in sentences
Makuuchi, M. 1, Grodzinsky, Y. 2,3, Amunts, K. 4,5, Santi, A. 2, & Friederici, A. D. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
2 Department of Linguistics, McGill University, Montreal, Canada
3 Department of Psychology, Tel Aviv University, Israel
4 Department of Psychiatry and Psychotherapy, RWTH Aachen University, Germany
5 Institute of Neuroscience and Medicine, Research Center Jülich, Germany
Movement is a key concept in linguistic theory to explain how words are ordered during the construction
of English sentences. However, some languages, such
as German and Japanese, permit relatively free word
order compared to English, and the term “scrambling”
has been employed for this freedom in word ordering.
In linguistics, whether scrambling can be viewed as
movement or not is an open question. In the present
study, we approached this issue by examining neural
correlates for scrambling and those for movement using German sentences. Here, we define movement as
word displacement over the clause boundary from a
base word order, and scrambling as word displacement

A

Linear effect of SCRAMBLING

B

Linear effect of MOVEMENT

C

Linear effect of MOVEMENT
< Linear effect of SCRAMBLING

within the clause boundary. We also define distance
parametrically by the number of intervening noun
phrases between a filler (the displaced element) and
the gap (the original position of the noun phrase in the
sentence before it was displaced).
Event-related fMRI was used to measure brain activation while reading sentences that were derived by either
scrambling or movement. In each trial, nine words were
successively displayed with a duration of 500 ms and inter-word-interval of 100 ms, which resulted in a total of
5300 ms per trial. Mean sentence onset asynchrony was
11.2 s.
FMRI data revealed a strong linear effect of distance in
reading sentences with scrambled word order in bilateral posterior inferior frontal gyrus (IFG), bilateral inferior
parietal lobuli, and left posterior superior temporal gyrus
(pSTS) (Fig. 2.1.2A). In the movement conditions, this linear effect was detected in the left posterior IFG and left
inferior parietal lobule, but activation was more focal (Fig.
2.1.2B). Interestingly, the comparison of these two effects
revealed that the linear effect was more intense in the left
superior temporal sulcus in scrambling conditions (Fig.
2.1.2C). These results suggest that German sentences derived by scrambling and by movement are processed in
common neural bases in the left frontal gyrus, but with
differential involvement of the left pSTS.  

Figure 2.1.2  
The group statistics of 21 participants is projected onto the surface of
the brain. Statistical inference is drawn at p < 0.05 corrected for multiple comparisons.
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The influence of local predictability and lexicality on syntactic processing

2.1.3

Raettig, T. 1, Friederici, A. D. 1, & Kotz, S. A. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
The current study aimed to differentiate morphosyntax
and phrase structure processing in terms of their functional localization. In addition, we examined the integration of these two types of syntactic information with
semantics. We investigated the processing of spoken
sentences which either contained a subject-verb disagreement or an illegal word-category sequence, testing
all sentences in a real word as well as in a pseudo-word
context. Functional MRI data were acquired on a 3T scanner for 15 healthy subjects. We implemented an ISSS paradigm (Schwarzbauer, Davis, Rodd, & Johnsrude, 2006,
NeuroImage, 29, 774–782), presenting auditory stimuli
during periods of scanner silence that were followed by
the rapid acquisition of 5 functional volumes.
Local morphosyntactic and phrase-structure violations
in real-word sentences elicited an increased hemodynamic response in the left ventral premotor cortex
(vPMC). This data pattern can be explained by a shared
anomaly processing mechanism based on the detection

A

Morphosyntax

B

of mismatches between serial predictions and actual sequences of events. This account is further supported by
studies on artificial grammar learning (Opitz, & Friederici,
2007, Hum Brain Mapp, 28, 585–592) which indicate that
the vPMC may have a particular role in the establishment
(and application) of transient rules dealing with local
transition probabilities.
In contrast, the processing of pseudo-word sentences
was associated with widespread increases in brain activity regardless of grammatical correctness, an effect that
can be attributed to a hemodynamic “saturation” effect
caused by a preparatory supply of oxygenated blood to
language-related processing regions that occurred when
highly unusual stimuli (i.e., pseudo-word sentences) were
encountered (Friederici, 2000, Cogn Brain Res, 11, 305–
323). Crucially, this is an important result in itself that has
critical implications for the design of future imaging experiments utilizing pseudo-word sentences in violation
paradigms.

Phrase Structure

Figure 2.1.3  Grammaticality effect for real-word sentences, resolved by
violation type (A) and (B). Blue colour scale (Z = 0–4.32): incorrect sentences > correct sentences in the real word condition. Only activations
with p (corrected) < 0.05 at the cluster level are shown.

Neural circuits of hierarchical visuo-spatial sequence processing

2.1.4

Bahlmann, J. 1, Schubotz, R. I. 2, Mueller, J. L. 1, Koester, D. 3, & Friederici, A. D. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
2 Max Planck Institute for Neurological Research, Cologne, Germany
3 Leiden Institute for Brain and Cognition, and Leiden University, the Netherlands
Our understanding of the neural underpinnings of language processing has advanced rapidly during the
past few years. Several functional Magnetic Resonance
Imaging (fMRI) studies applied sentences from different
natural languages to reveal the neural network engaged
in language comprehension. Some studies suggest that
Broca’s area is engaged in the processing of hierarchical
syntactic rules. Moreover, it was shown that this region

is also engaged in the processing of a hierarchically organized artificial grammar rule using syllable sequences
as stimuli. Here, we manipulated the regularities within
sequentially occurring, non-linguistic visual symbols by
applying two types of prediction rules. In one rule (the
adjacent dependency rule), the sequences consisted of
alternating items from two different categories. In the
second rule (the hierarchical dependency rule), a hier-
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archical structure was generated using the same set of
item types. Thus, predictions about non-adjacent elements were required for the latter rule.

Figure 2.1.4  ROI analysis in BA 44: A ROI in BA 44 that comprised of the
voxels with a value of at least 30 % overlap in the cytoarchitectonical
probability map was defined. The BOLD response in BA 44 to the hierarchical dependency rule (right bar) was significantly higher than to
the adjacent dependency rule (left bar).

2.1.5

x = –45
x = –50
x = –55

mean BOLD signal increase

We found that the hierarchical dependency rule correlated with activity in the pre-supplementary motor area,
and the head of the caudate nucleus. In addition, in a
hypothesis-driven ROI analysis in Broca’s area (BA 44), we
found a significantly higher hemodynamic response to
the hierarchical dependency rule than to the adjacent
dependency rule (see Fig. 2.1.4). These results suggest
that this neural network supports hierarchical sequencing, possibly contributing to the integration of sequential
elements into higher-order structural events. Importantly,
the findings suggest that Broca’s area is also engaged in
hierarchical sequencing in domains other than language.

ROI Analysis in BA 44

x = –60

**

0.2

0.1

0

adjacent

hierarchical

The language connection: Structure and pathway evidence
Raettig, T. 1, Kotz, S. A. 1, Anwander, A. 1, von Cramon, D. Y. 1,2, & Friederici, A. D. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
2 Max Planck Institute for Neurological Research, Cologne, Germany
The superior temporal gyrus (STG) and sulcus (STS) play a
crucial role in auditory language processing. Functionally,
it is apparent that at least an anterior, middle and posterior STG/STS area can be distinguished. However, whether
this functional differentiation is somehow anatomically
reflected remains unclear as of yet. In the current study,
we applied a connectivity-pattern based parcellation
technique to the left STG and STS of ten healthy participants in order to classify this cortical area into subregions,
with each such region only containing voxels that exhibit
comparable white-matter projection paths.
The parcellation algorithm revealed a consistent clustering into three STG and three STS areas. While the posterior STG/STS proved to be strongly connected to caudal aspects of the frontal lobe (i.e., the ventral premotor
cortex and BA 44) via a dorsal pathway, the anterior STG/
STS lacked analogous connectivity and turned out to
be mainly linked to rostral frontal areas (i.e., BA 45) via a
ventral pathway (this latter pathway was approximately
equally strong for all three STG/STS areas).  STG and STS
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did not differ substantially with regard to their corticocortical long-range connectivity.
Thus, the results of the current study lend additional
neuroanatomical support to functionally-based models
of the language processing network that assume distinct
dorsal and ventral routes for different aspects of auditory
language processing. In particular, they are highly compatible with the Neurocognitive Model (Friederici, 2002,
Gyrus

Sulcus

Figure 2.1.5  STG and STS Subregions as Determined by TractographyBased Parcellation
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Trends Cogn Sci, 6, 78–84), in which it is assumed that the
anterior STG and the frontal operculum (primarily connected via the uncinate fasciculus) form a network for
non-hierarchical syntactic processing while the posterior
STG and BA 44/45 (primarily connected via the extreme

capsule and the AF/SLF system) form a network for complex (hierarchical) syntactic and semantic processing and
integration.

Disentangling syntax and intelligibility in auditory language
comprehension

2.1.6

Friederici, A. D. 1, Kotz, S. A. 1, Scott, S. K. 2, & Obleser, J. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
2 Institute of Cognitive Neuroscience, University College London, United Kingdom
Studies of the neural basis of spoken language comprehension typically focus either on aspects of auditory processing by varying signal intelligibility, or on higher-level
aspects of language processing such as syntax. Most
studies in either of these fields of language research report brain activation including peaks in the superior temporal gyrus (STG) and sulcus (STS), but it is not clear why
these areas are recruited in functionally different studies.
The current fMRI study was designed to disentangle the
functional neuroanatomy of intelligibility and syntax
within one orthogonal design. To this end, we combined
auditory recordings of sentences with and without a local phrase-structure violation (e.g., [The pizza was in the
eaten], Friederici, Meyer, & von Cramon, 2000, Brain Lang,
74, 289–300) with a well-established intelligibility manipulation, that is, spectral rotation of these sentences (Scott,
Blank, Rosen, & Wise, 2000, Brain, 123, 12, 2400–2406).
The data substantiate functional dissociations between
STS and STG in the left and right hemispheres: First, manipulations of speech intelligibility yielded bilateral mid–
anterior STS peak activations (Fig. 2.1.6, shown in red),
whereas syntactic phrase structure violations elicited
strongly left-lateralized mid STG and posterior STS activations (shown in blue). Second, a region of interest analysis
in all activated clusters indicated that significant interactions of speech intelligibility and syntactic correctness
are restricted to left frontal and temporal cortex areas.

study to experimentally disentangle brain activation patterns that accompany varying speech intelligibility from
patterns additionally elicited by syntactic analysis.
x = –58

x = +58

Intelligible > unintelligible (correct only)
Incorrect syntax > correct (intelligible only)
Overlap
Figure 2.1.6  Overlay of group brain activations onto a standard brain
template, thresholded at q(FDR) > 0.01, cluster extent k > 30 voxels;
x values indicate sagittal slices displayed. Note the left-hemispheric
dominance of the syntactic violation response (in blue), compared to
the more bilateral intelligibility response (in red).

In sum, a left-hemispheric predominance of the midto-posterior STG/STS in parsing sentences and a bilateral mid-to-anterior STS activation for acoustic-phonetic
(i.e., intelligibility-dependent) features of speech can be
unambiguously shown. It is, to our knowledge, the first
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2.1.7

Localization of the syntactic mismatch negativity in the temporal cortex
Herrmann, B. 1,2, Maess, B. 1, Hasting, A. S. 1, & Friederici, A. D. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
2 German Research Foundation (DFG) Graduate Programme “Function of Attention in Cognition”, University of
Leipzig, Germany
Recent ERP-studies show that syntactic stimuli presented in an oddball paradigm lead to a syntactic mismatch
negativity (sMMN) which is larger in amplitude for syntactically incorrect compared to syntactically correct
utterances. For morphosyntactic violations, this sMMN
effect has been localized in the left superior temporal
cortex. Using visually presented sentences, a recent study
introduced a “sensory hypothesis” which postulates that
sensory cortices show sensitivity in early syntactic processing when word categories are overtly marked by
closed class morphology.
Using MEG, the present study aimed to test the sensory hypothesis in the auditory modality by localizing the
neuronal generators underlying the sMMN to phrase
structure violations. Two-word utterances which were either syntactically correct (er plant [he plans]) or included
a word category violation (am plant [at the plans]) were
presented as deviants in an auditory oddball paradigm.

4

In the present study, the sMMNm (100–180 ms) was localized in the left primary auditory (PAC) cortex and the left
superior temporal sulcus (STS), showing stronger activations for syntactically incorrect compared to syntactically
correct utterances. Additionally, approximately 60 ms
after the word category decision point, the syntactically
incorrect items already resulted in stronger activation,
which was most pronounced in the left primary auditory
cortex (Fig. 2.1.7), than the correct items.
The present results are in line with previous studies localizing the neuronal generators of the morphosyntactic MMN effect, and are furthermore compatible with
the sensory hypothesis, as they show that early syntactic
processing can modulate activations in auditory sensory
areas depending on stimulus grammaticality.
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Figure 2.1.7  Grand average of source localizations plotted on the inflated brain surface for the incorrect verb condition. Green bars refer to the
PAC and yellow bars to the STS.
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Expectancy constraints in degraded speech modulate the language
comprehension network

2.1.8

Obleser, J. 1, & Kotz, S. A. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
Various linguistic and contextual influences facilitate
speech comprehension via disambiguation, especially
under acoustically compromised conditions. A major
source of disambiguation – and the focus of the current study – are semantic expectancies built up over the
course of a sentence.
This fMRI experiment exploited the effective manipulation of cloze probability: Simple sentences varied in the
strength of the semantic expectancy coupling between
verb and object (cloze probability; a well-controlled cognitive parameter). Independently to that, all sentences
were then subjected to three levels of speech degradation (noise-vocoding; an equally well-controlled acoustic
parameter). Specifically, we examined the relationship
between regions previously linked to speech intelligibility, in particular the anterior and posterior superior temporal sulcus, and regions repeatedly found in studies of
lexico-semantic and top-down mediated language processing, notably the inferior frontal gyri (BA 44/45) and
the inferior parietal cortex (BA 39).

Firstly, intelligibility-modulated activation along the superior temporal sulci (STS) extended anteriorly and posteriorly in low-cloze sentences (e.g., [she weighs the flour]),
but was restricted to a mid-STG/STS area in more predictable high-cloze sentences (e.g., [she sifts the flour]).
Secondly, the degree of left inferior frontal gyrus (BA 44)
involvement in processing low-cloze constructions was
proportional to increasing intelligibility. Thirdly, left inferior parietal cortex (IPC; angular gyrus) exhibited an inverse
u-shaped response function depending both on signal
quality and semantic facilitation.
The results show that successful decoding of speech in
auditory cortex areas regulates language-specific computation (left IFG, IPC). In return, semantic expectancy
can constrain these speech-decoding processes, with
fewer neural resources being allocated to highly predictable sentences. These findings offer an important contribution towards the understanding of the functional neuroanatomy in speech comprehension.

x=–55

y =–22

x=+51

L

Linear increase with number of bands amongst low cloze probability
Linear increase with number of bands amongst high cloze probability
Overlap

Figure 2.1.8  Effects of signal degradation on temporal lobe activation separately for low- and high-cloze probability sentences, thresholded at
p < 0.001 (cluster extent > 87 voxels). The intelligibility-dependent increase of activation in bilateral anterolateral STG/STS is almost exclusively
driven by low-cloze sentences (blue), whereas intelligibility modulation amongst high-cloze sentences (red, overlap in purple) yields activation
confined to mid STG and STS regions. This is reflected in the contrast estimate bar graphs from peak voxels in the left anterior STS (top left panel)
and the mid to posterior STG (left bottom panel; white bars – low cloze, black bars – high cloze).
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2.1.9

A meta-analysis on brain correlates of failing speech comprehension
Obleser, J. 1, Eisner, F. 2, Scott, S. K. 3, Kotz, S. A. 1, & Friederici, A. D. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
2 Max Planck Institute for Psycholinguistics, Nijmegen, the Netherlands
3 Institute of Cognitive Neuroscience, University College London, United Kingdom
When trying to comprehend speech in adverse listening situations or when peripheral hearing declines,
substructures of auditory cortex as well as heteromodal structures become increasingly taxed (e.g., Obleser,
Wise, Dresner, & Scott, 2007, J Neurosci, 27, 2283–2289).
Specifically, the planum temporale (PT) should be involved in effortful processing of unfamiliar or unintelligible speech sounds.
The present meta-analysis entails 10 group activation
contrasts (66 coordinates) from seven highly comparable
speech comprehension experiments by Obleser et al.,
Eisner et al., and Friederici et al., all of which used pseudo-randomized sequences of speech interspersed with
not, or hardly, intelligible acoustic control conditions.
Activation in such conditions is ideal to study brain correlates of effortful speech sound processing. We tested
explicitly for brain regions that were more activated by
unintelligible (spectrally rotated) or hardly intelligible
(noise-vocoded) speech than clear speech.
All peak activations were subjected to an Activation
Likelihood Estimate (ALE) analysis (Turkeltaub, Eden,
Jones, & Zeffiro, 2002, NeuroImage, 16, 765–780). Resulting
clusters were located in the right and left PT (extending
into the temporo-parietal junction in the right; Fig. 2.1.9).
Furthermore, significant activation was found bilaterally
in the anterior insulae, the left dorsolateral prefrontal (BA
10, 46), and the right inferior temporal cortex (BA 37). A
subtraction ALE analysis revealed that spectrally rotated
speech (retaining a sense of pitch while being entirely un-

2.1.10

intelligible) drove the right PT relatively more than noisevocoded speech (retaining some residual intelligibility),
which drove left medial PT activations more effectively.
This synopsis of studies of hardly intelligible speech underlines the important role of the posterior superior temporal gyrus in analyzing the signal when comprehension
is difficult. It encourages further studies on the perceptual and cognitive resources that can boost speech comprehension.

A

z = +14

Unintelligible > intelligible
speech from 4 selected studies
Overlap of all 4 studies

B

z = +7

Activation likelihood
estimate (ALE) from 10
unintelligible speech
contrasts

Figure 2.1.9  (A) Observed activations in four contrasts of rotated (unintelligible) speech over intelligible speech are shown. Note the overlap
(white) in bilateral planum temporale. Activation also extends into the
medial-temporal and insular cortex. (B) The ALE Meta-Analysis shows
the right planum temporale as the most prominent convergence zone
for brain responses towards hardly or unintelligible speech.

What iconic gesture fragments reveal about gesture-speech integration:
When synchrony is lost, memory can help
Obermeier, C. 1, & Gunter, T. C. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
In everyday face-to-face conversation, speakers not only
use speech to convey information but also, amongst
others, rely on co-speech gestures (e.g., iconic gestures).
Recently, we have shown that such gestures can influence speech comprehension by disambiguating sen-
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tence-embedded homonyms (Holle, & Gunter, 2007, J
Cogn Neurosci, 19, 1175–1192).
Using a similar disambiguation paradigm, the present
series of experiments explored potential factors that affect the integration of iconic gestures and speech. First,
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Figure 2.1.10   ERPs as found on the CZ electrode for each of the three experiments. The
first panel displays the data as found on the
homonym. The solid line represents the data of
the dominant gesture fragments, whereas the
dashed line represents the data of the subordinate gesture fragments. The second and third
panel show the data found on the subordinate
and dominant target words. The solid line represents the data when the gesture cue on the
homonym and the target word were congruent, whereas the dashed line represents the incongruent situation. Only the first and the third
experiment showed significant differences
on the homonym and the subordinate target
word.
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gesture cue:
congruent (SS)
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gesture cue:
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we identified the minimal duration of an iconic gesture
fragment in order to disambiguate a homonym using a
context-guided gating procedure. For most gestures, the
preparation phase (400 ms) of the gesture already sufficed to do this, indicating that iconic gestures may become meaningful earlier than assumed so far.
In subsequent ERP experiments, we investigated whether the information contained in the gesture fragments
suffices to disambiguate a homonym in a co-speech context, and whether this integration process is susceptible
to active memory usage and temporal synchrony. Both
the immediate integration of gesture and homonym as
well as its later effect at a target word related to the dominant or the subordinate meaning were analyzed. When
gesture fragments and speech were asynchronous, their

integration depended on the level of processing. While
there were clear N400 effects both at the homonym and
the target word when a congruency judgment had to
be performed (Exp. 1), no such effects were found when
a more shallow memory task was carried out (Exp. 2).
When, however, gesture and speech were made synchronous (Exp. 3), the shallow task also showed clear
N400 effects.
We conclude that when iconic gesture fragments and
speech are in synchrony, their interaction is more or less
automatic. When not, more controlled, active memory
processes are necessary to enable the combination of
the gesture fragment and speech context in such a way
that the homonym is disambiguated correctly.

Investigating the point of abstract pointing with ERPs

2.1.11

Weinbrenner, J. E. D. 1 & Gunter, T. C. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
To date, most neuroscientific studies examining cospeech gestures have focused on iconic gestures (e.g.,
Holle, & Gunter, 2007, J Cog Neurosci, 19, 1175–1192). In
the present study, however, we explored abstract pointing gestures. As opposed to concrete pointing – which
typically indicates a certain direction, location or object
– abstract pointing lacks a physically existing target; it
is directed toward seemingly empty space. This empty
space is assigned a meaning by a combination of speech

and gesture. For instance, when talking about pets one
could use an abstract pointing gesture to the left while
mentioning dogs and abstract pointing to the right while
referring to cats. We investigated whether such pointing
is taken into account during speech processing.
Participants watched a video in which an anonymized
female was interviewed. The 84 topics chosen covered
a wide range of subject matter and were all dualistic in
nature (e.g., “dogs vs. cats”, “notebook vs. desktop”, etc.).
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For each topic, the interviewee established a certain gesturing order (e.g., “dogs – left” and “cats – right”) by consistently using the corresponding pointing gestures. It
should be noted that abstract pointing was never crucial
for understanding any of the responses. During the last
response on a particular topic, she performed either a
congruent gesture, which conformed to the established
order, or an incongruent gesture, which violated it. Eventrelated potentials (ERPs) were measured on the apex of

the congruent/incongruent gesture – and this point was
aligned with the onset of the critical word.
The ERPs elicited by incongruent abstract pointing gestures showed a negative deviation between 200 ms and
450 ms followed by a positive deviation between 600
ms and 800 ms. Tentatively, we interpret the negativity
as an indication of difficulty in integrating contradictory
speech and gesture information and the positivity as a
possible reanalysis process.
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B
0.200 ... 0.450 s
–4

0.600 ... 0.800 s
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0.200–0.450 s
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0.8

POZ

2
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incongruent
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Figure 2.1.11  (A) The three shots used for shooting the video. The left picture shows the interviewer, the middle picture the total view, and the
right picture the interviewee. (B) ERPs for the congruent gesture condition and the incongruent gesture condition. The topographical maps illustrate the distribution of the effects. The left half depicts the time window from 200 to 450 ms, the right half the time window from 600 to 800 ms.

2.1.12

Integration of iconic gestures and speech in left superior temporal areas
boosts speech comprehension under adverse listening conditions
Holle, H. 1,2, Obleser, J. 1, Rüschemeyer, S.-A. 3, & Gunter, T. C. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
2 Department of Psychology, University of Sussex, Falmer, Brighton, United Kingdom
3 Nijmegen Institute for Cognition and Information, Radboud University, Nijmegen, the Netherlands
Iconic gestures are spontaneous hand movements that
illustrate certain contents of speech and, as such, are an
important part of face-to-face communication. This experiment targets the brain bases of how iconic gestures
and speech are integrated during comprehension. Areas
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of integration were identified on the basis of two classic
properties of multimodal integration, bimodal enhancement, and inverse effectiveness (i.e., greater enhancement for unimodally least effective stimuli). Participants
underwent fMRI while being presented with videos of
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gesture-supported sentences as well as their unimodal
components, which allowed us to identify areas showing
bimodal enhancement. Additionally, we manipulated the
signal-to-noise ratio of speech (either moderate or good)
to probe for integration areas exhibiting the inverse effectiveness property.
Bimodal enhancement was found at the posterior superior temporal gyrus and sulcus (pSTS/STG) in both hemispheres, indicating that the integration of iconic gestures
and speech takes place in these areas. Furthermore, we
found that the left pSTS/STG specifically showed a pattern of inverse effectiveness (i.e., the neural enhancement
for bimodal stimulation was greater under adverse listening conditions). This indicates that activity in this area is
boosted when an iconic gesture accompanies an utterance that is otherwise difficult to comprehend. The neural response paralleled the behavioural data observed.
The present data allow us to reconcile results from previous gesture-speech integration studies and suggest that
pSTS/STG plays a key role in the facilitation of speech
comprehension through simultaneous gestural input.

Figure 2.1.12   Illustration of significantly activated brain regions. (A)
Regions active in the Smod > Null ∩ G > Null conjunction. Colour coding of the significantly activated voxels indicates relative contribution
of auditory (red) and visual (green) unimodal stimulation to the signal
change in each voxel. Similar contribution of both unimodal predictors is indicated in yellow. (B) Regions active in the Sgood > Null ∩ G >
Null conjunction. (C) Areas active in the moderate-SNR conjunction.
(D) Regions showing significant activation in the good-SNR conjunction. (E) Regions activated in both the moderate and the good-SNR
conjunction.
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Language Learning. The goal of our research in infants
and children is to contribute to solving the mystery of
language acquisition and to enhance our knowledge
about the co-evolution of brain structure and language
behaviour. The aim of our research in adults is to define
basic mechanisms of language learning in the mature
brain and the conditions under which learning is enhanced.
Language Learning during Development. Recent research
from our group indicated that the cries German and
French infants produce during their first weeks after birth
follow the melodic pattern of their native target language (Mampe, Friederici, Christophe, & Wermke, 2009)
and that, by the age of 4 months, they show a preference
for the stress patterns of their native language during
perception (Friederici, Friedrich, & Christophe, 2007, Curr
Biol, 17, 1208–1211). Here, we demonstrate that 4-monthold German infants can learn syntactic structures in a
novel language after a few minutes of exposure to Italian
sentences. This indicates that the ability to extract syntactic rules and to generalize these to novel sentences is
present by the age of 4 months (2.2.1).
Early language learning normally takes place in communicative situations, with eye gaze being an important
communicative signal. ERP data of 4- to 5-month olds revealed that infants rapidly process eye gaze and words
in combination, suggesting that crossmodal integration
of communicative cues is present very early in infancy
(2.2.2). In an additional study, we addressed the question
of whether, and how, 5-month-old infants use their own
name as a social cue to process an object. ERPs indicated that young infants not only detect their own name
among other names but, moreover, use it as a social cue
to guide their attention to events in the world (2.2.3).

Another communicatively relevant cue is emotion signalled by the speaker’s voice, which was investigated in a
NIRS study. We showed that 7-month-old infants distinguish angry from happy prosody, and that the effect was
located over brain regions known to process emotional
information in adults (2.2.4). These data indicate that infants are sensitive to various social cues very early in life.
In an additional set of studies, we investigated how, and
under which conditions, infants learn new words. An
ERP study explored the brain activity related to the fast
learning of object-word mappings in 14-month-old infants. The data indicate that infants learned object-word
mappings from as few as four presentations of the word
(2.2.5). Another study investigated the role of joint attention (eye contact, positive emotional tone of speaker’s
voice) on word learning in infants aged 18–21 months.
The ERP data from this experiment demonstrate that social cues have a clear impact on how words are learned
and represented in a child’s mental lexicon (Hirotani,
Stets, Striano, & Friederici, 2009).
Brain Function and Structure during Language Development. Broca’s area and Wernicke’s area are connected
via a dorsally located pathway, i.e., the fibres of the arcuate fasciculus/superior longitudinal fasciculus (AF/SLF).
Comparisons of fibre integrity in 7-year-old children and
adults argue for an immature status of this particular
pathway in children. Functional MRI and DTI data converge to indicate that children make use of an extended
language network, based on the immaturity of the basic
language network, and use alternative connections from
Broca’s area to the temporal lobe (2.2.6).
A major step in language development is the acquisition
of syntactic structure underlying sentences. We found
that a major prosodic cue (i.e., the pause) allows 5-month-
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old infants to detect intonational phrase boundaries (IPB)
(Männel, & Friederici, 2009). Here, we show that adult-like
processing is not present before the age of 3 years (2.2.7),
an age at which the processing of syntactic phrase is
mastered (2.2.8).

fMRI study of syntactic rule and word learning, we found
activations for both conditions in a largely overlapping
language network, with the only difference being that
syntactic learning was present after one learning block,
whereas lexical-semantic learning took place gradually
over several blocks. This suggests that learning mechanisms of syntactic and lexical-semantic learning in adults
have a joint neural basis (2.2.10).

Language Learning in Adults. Learning a foreign language
means mastering not only the phonology of the language, but also its vocabulary and syntax. In a behavioural experiment on artificial grammar learning, we
show that prosodic cues enhance the learning of syntactic structures (2.2.9). In an ERP experiment, we demonstrate that adults can learn syntactic dependencies by
mere exposure to a foreign language. ERP data indicate
that they do so by applying a lexical form-based learning strategy (Mueller, Oberecker, & Friederici, 2009). In an

2.2.1

Vocabulary learning was shown to be enhanced when
learned with the use of iconic gestures compared to unrelated gestures. The neural basis of this effect was evidenced in increased activations in the pre-motor cortex
bilaterally as measured upon word retrieval, suggesting
the establishment of motor representations during word
learning (2.2.11).

Italian syntax for beginners: Rule learning in 4-month-old German infants
Friederici, A. D. 1*, Mueller, J. L. 1, & Oberecker, R. 1*  (*equally contributing authors)
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
A fundamental task in language acquisition is to extract
syntactic regularities from the incoming speech stream.
Due to the fact that the syntax of any natural language
crucially relies on non-adjacent dependencies (e.g., the
relation between the subject of a sentence and the corresponding predicate), the young child needs to recogCorrect
structure
Correct
sentences

La sorella
The sister

Incorrect
structure
Incorrect
sentences

*Il fratello
*The brother

sta
is

x-ando
x-ing

sta
is

cantando
singing

sta
is

x-are
x-ø

sta
is

cantare
sing

nize the systematic relation between two non-adjacent
elements. Although a few behavioural studies have investigated this ability in children, no electrophysiological
evidence of the learning of non-adjacent dependencies
during early infancy has been available to date.

puo x-are
can x-ø
Il fratello
The brother

puo cantare
can sing
puo x-ando
can x-ing

*La sorella
*The sister

puo cantando
can singing

Experimental Procedure
Learning
~3.3 min.

Test 1
~1.3 min.

Learning
Test
~3.3 min.

Test 2
~1.3 min.

Learning
Test
~3.3 min.

Test 3
~1.3 min.

Learning
Test
~3.3 min.

Test 4
~1.3 min.
~18.4 min.
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Table 2.2.1  Structure and examples of Italian
stimulus sentences. Relation between crucial non-adjacent elements is indicated by
arrows; an asterisk indicates an incorrect
sentence.

Figure 2.2.1.1   Experimental procedure:
Experimental procedure consisted of short
learning and test phases: learning phase approx. 3.3 minutes (containing 64 correct sentences), Test phase approx. 1.3 minutes (containing 8 correct and 8 incorrect sentences).
The experiment consisted of 4 learning and
4 test phases.
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Figure 2.2.1.2  The grammaticality effect: (A)
Grand average event-related potentials of
4-month-old infants (N = 59) for the processing of the verb averaged across the four test
phases. The processing of the incorrect condition (red line) is plotted against the processing of the correct condition (blue line).
The solid vertical line indicates the onset of
the verb, the broken vertical line the onset of
the suffix. Negative is plotted upwards.
(B) Isovoltage map showing the scalp distribution of the effect (i.e., the difference between incorrect and correct verbs between
640–1040 ms post suffix onset). Positive difference is colour-coded in red.
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In the present ERP study, we tested whether 4-monthold infants learn and track non-adjacent dependencies
(AXB) in a novel language (Italian). Therefore, a learning
and violation paradigm was used. Within four learning
phases, we familiarized 4-month-old German infants
with correct Italian sentences containing a non-adjacent
dependency between the auxiliary and the respective
verb form [sta X-ando (is X-ing) and può X-are (can X-∅)],
with X representing 32 different verb stems.

1.3

2.5

3.8

5 µV

ing of correct and incorrect examples of the sentences
presented was tested.
The ERPs to the verb were averaged across the four test
phases. The resulting grand averages of 59 infants’ brain
responses indicate a clear effect with a more positivegoing wave in response to grammatically incorrect compared to correct sentences. This finding indicates that
4-month-old infants are able to extract a syntactic rule
from the input and to generalize it to novel sentences.

Interspersed between the learning phases were testing
phases in which the impact of learning on the process-

Influence of eye gaze on word processing: An ERP study with infants and
adults

2.2.2

Parise, E. 1,2, Handl, A. 1,3, Palumbo, L. 4, & Friederici, A. D. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
2 Department of Educational Sciences, Calabria University, Cosenza, Italy
3 Centre for Brain and Cognitive Development, Birkbeck College, University of London, United Kingdom
4 Department of Psychology, University of Hull, United Kingdom
Eye gaze is an important communicative signal throughout life. Using event-related brain potential (ERP) measures, we examined whether word processing in 4- to
5-month-olds and adults varies as a function of eye gaze
direction. Subjects watched a face with direct or averted
gaze, and after a delay of 400 ms a forward- or backwardspoken word was presented. ERP data revealed that both
infants and adults rapidly process eye gaze and words

in combination. In adults, on parietal channel, the auditory P1 between 40 and 160 ms showed an interaction
of the factors gaze and word (F(1,17) = 6.20, p < .03). A post
hoc analysis revealed that the P1 amplitude was higher
for the combination of direct gaze and forward-spoken
word compared to all other conditions. Additionally, the
P2 on frontal and central channels between 180 and 230
ms showed a main effect of word independent of gaze
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(F(1,17) = 109.68, p < .00001). In the infant group, an interaction of gaze and word was also present, but at a later latency. The Slow Wave on parietal and occipital channels
(650–1000 ms) showed that direct gaze combined with a
backwards-spoken word was more negative compared
to all other conditions (F(1,14) = 13.23, p < .003). In an additional experiment with infants, we changed the visual
stimulus, thus extending the results to referential gaze.
We presented the same face looking towards an object
or away from it. In this case, the Slow Wave for the combination gaze towards the object and backwards-spoken

word was more negative than all other conditions (F(1,14) =
7.75, p < .02). The current findings suggest that crossmodal integration of communicative cues is present very early
in infancy and reaches a mature adult form across development. Both adults and infants do not process gaze direction and speech in isolation, but they do process it differently. Overall, the results show that for the infants, the
backwards-spoken speech was processed deeper when
it was combined with a highly communicative visual cue,
with this being either a mutual or referential gaze.
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Figure 2.2.2  Grand averages of adults and infants. BS = backwards-spoken word; FS = forward-spoken word. The first vertical axis marks the visual
stimulus onset; the second marks the auditory stimulus onset. Negative is plotted up.
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“Did you call me?”: An infant’s own name enhances object processing in
5-month-olds

2.2.3

Parise, E. 1,2, Friederici, A. D. 1, & Striano, T. 1,3
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
2 Department of Educational Sciences, Calabria University, Cosenza, Italy
3 Department of Psychology, Hunter College, New York, USA
Behavioural data in the literature show that infants are
sensitive to their own names from 4.5 months of age.
Additionally, they are able to use the own name like an
anchor to identify the next word in the speech stream.
The aim of this study was to investigate the neural correlates of 5-month-old infants’ own names, and to investigate whether their own name can act as a communicative cue, enhancing infants’ attention to objects.
A large names database was created, recording first
names of potential participants. The experimental paradigm was designed to allow the computation of both
auditory and visual event related brain potentials (ERPs).
Electroencephalogram (EEG) was measured while infants
heard their own name or strangers’ names. One group
of infants received one control name; another group received ten different control names. This allowed us to
test the influence of control name variability. Each name
was followed by a random interval and then by a picture
of an object. ERPs to names revealed that infants differERPs to names

entiated their own name from strangers’ names in both
groups (F(1,28) = 5.23, p < .03). Two interactions of group
by name were also found. In the group with one control
name, on anterior frontal channels, an early Positive Shift
was enhanced for the infant’s own name (F(1,28) = 5.26,
p < .03). In the group with ten control names, on parietal channels, an N400 was more negative for the infant’s
own name (F(1,28) = 4.14, p = .05). Visual ERPs revealed a
shorter latency of the Negative central (Nc) component
(F(1,28) = 10.79, p < .003), suggesting that it was easier for
the infants to process an object preceded by a stranger’s
name. Additionally, immediately after the Nc component, in the 890–1000 ms interval, the ERP amplitude was
higher for the object preceded by the infant’s own name
(F(1,28) = 4.27, p < .05). Together these results suggest that
although the process requires more time, 5-month-olds
use their own names as a social cue to guide their attention to objects.
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Figure 2.2.3  ERPs to names and to objects;
grand average on frontal-central and parietal channels. Analyzed components are
indicated by arrows. Grey bands indicate
time interval of averaged waves. Horizontal
tick mark, 0.2 ms; vertical tick mark, 10 µV.
Negative is plotted up.
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2.2.4

The developmental origins of voice processing in the human brain
Grossmann, T. 1,2, Oberecker, R. 1, Koch, S. P. 3, & Friederici, A. D. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
2 Centre for Brain and Cognitive Development, Birkbeck College, University of London, United Kingdom
3 Berlin NeuroImaging Center and Department of Neurology, Charité University Medicine, Berlin, Germany
In human adults, voices are processed in specialized brain
regions located in superior temporal cortices. Activity in
these voice-sensitive regions is enhanced in response
to emotional prosody. Although well-described for the
adult brain, the developmental origins of the cortical
organization underlying voice processing in the human
brain remain unknown. Here, we report two experiments
that fill this gap. Specifically, we examined voice processing in 7-month-old infants using near-infrared spectroscopy. In Experiment 1, we identified regions in infant left
and right temporal cortex that were sensitive to the human voice when compared to non-vocal sounds (Fig.
2.2.4A). In Experiment 2, infants listened to words that
were spoken with either neutral, happy, or angry prosody. Hearing emotional prosody (happy and angry) but
not neutral prosody evoked an increased response in a
region in infant right temporal cortex identified as voicesensitive (Fig. 2.2.4B). The right temporal cortex response

was larger to angry prosody than to happy prosody, indicating that threatening signals have a particularly strong
impact on voice processing. Moreover, hearing happy
prosody, but not angry or neutral prosody, evoked an
increased response in a region in infant right inferior
frontal cortex. Models of prosody processing in adults
suggest that, following the acoustic analysis in temporal
cortices, information is passed on to the inferior frontal
regions for further and more explicit evaluation. The finding that 7-month-olds engage right inferior frontal cortex when listening to happy prosody might thus indicate
that speech that is characterized by positive vocal affect
undergoes a more explicit evaluation than speech with
neutral or angry affect. Altogether, this pattern of findings suggests that cortical regions specialize in processing voices very early in development and that already in
infancy, emotions differentially modulate voice processing in the right hemisphere.
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Figure 2.2.4  (A) Voice-sensitive brain regions identified in Experiment 1. This graph depicts mean oxygenated hemoglobin concentration changes for vocal and other sounds measured from 24 NIRS channels. Channels that showed a significant increase for vocal compared to other sounds
are marked in red on the head model.
(B) Brain regions modulated by emotional prosody in Experiment 2. This graph depicts mean oxygenated hemoglobin concentration changes
for happy, angry, and neutral prosody measured from 24 NIRS channels. Channels that showed significant modulations by emotional prosody are
marked in red on the head model.
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Neurophysiological correlates of word learning in 14-month-old infants

2.2.5

Friedrich, M. 1,2, & Friederici, A. D. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
2 Cluster of Excellence “Languages of Emotion”, Free University of Berlin, Germany
Between 12 and 14 months of age, infants switch from
slow to fast word learning mode. The neural processes
involved in this development are largely unknown. In order to explore the brain activity related to the fast acquisition of object-word mappings, we developed an ERP
learning paradigm suitable for detecting lexical-semantic
memory formation “online” during the course of the experiment. Within a training phase, infants at the age of
14 months were presented with novel objects and pseudowords either in a constant pairing condition, in which
the mapping of an object and a word could be learned,
or in a rotated pairing condition, in which the mapping

could not be learned (Fig. 2.2.5.1). After four object-word
repetitions, two priming effects known from earlier infant
ERP studies were observed: word form priming indexed
by the fronto-lateral N200–500, and semantic priming indexed by the parietal N400 (Fig. 2.2.5.2A). The presence
of these priming effects in the second half of the training
phase suggests that infants learned the mappings within the first four presentations. Moreover, in a test phase
applied one day later, the N400 differentiated between
trained congruous and incongruous pairings, indicating
that this newly established lexical-semantic knowledge
has been consolidated in memory (Fig. 2.2.5.2B).
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Figure 2.2.5.1  Constant pairing: eight presentations of a constant object-word pair; rotated pairing: eight presentations of a word paired with
eight different objects.
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Figure 2.2.5.2  (A) ERPs of 14-month-old infants (N = 31) on the second four word presentations during the training with initially unknown objectword pairs, and the spatial distribution of the effects. (B) ERPs of 14-month-old infants (N = 16) on trained words of the constant pairing condition
during the test phase, and the spatial distribution of the effect.
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2.2.6

Brain maturation and the development of cortical networks for language
functions
Brauer, J. 1, Anwander, A. 1, & Friederici, A. D. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
The developmental progress in brain functions such as
language processing is complemented by ongoing brain
maturation including structural changes in cortical areas and underlying white matter connections between
them. Studies in children have shown that a particular
network of brain regions within the perisylvian cortex
contributes to language comprehension, an identical
network to that found in adults. However, there are also
specificities in the recruitment of these areas within the
developing language system.
A combined fMRI and DTI study investigated the maturation of white matter fibre pathways that connect cortical
areas of the language network in 7-year-old children and
in adults. Functional data revealed a similar pattern of activation during sentence comprehension in both groups,
mainly involving the inferior frontal gyrus (Broca’s area)
and the superior temporal gyrus (Wernicke’s area, pSTG/
STS). Differences between groups were found in Broca’s
area (Fig. 2.2.6, upper row). Seeding a fibre tracking in
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Beta values
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Children–Adults
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0
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Adults

0.6
Beta values

A

each group’s centre of activation identified distinct white
matter connections to Wernicke’s area (Fig. 2.2.6, lower
row).
These results argue for the use of an extended language
network for language comprehension in children compared to adults. Children recruit a larger inferior frontal region which includes a connection to Wernicke’s area via
an alternative ventral pathway as the dominant fibre connection. Direct comparison of fractional anisotropy (FA)
between groups suggests that this is associated with an
immaturity of the main fibre connection between these
two cortical regions, namely the dorsal pathway via the
arcuate/superior longitudinal fasciculus (AF/SLF). Lower
FA in children is most likely based on ongoing maturation of the respective fibre tract, resulting in slower and
less reliable information transmission. In response, the
developing language network probably needs to rely on
alternative fibre connections.

Children

3.09

Children
5.09

BA 44 (–53, 13, 15)

0.4
0.2
0

Adults

Children

Figure 2.2.6  Functional activation for adults and 7-year-old children and corresponding tractography of fibre tract connections underlying activated regions in Broca’s area.
Upper row: Activation maps for adults and children during sentence comprehension vs. resting baseline. Both groups activated areas in the perisylvian cortex in the inferior frontal gyrus (Broca’s area) and in the superior temporal gyrus (Wernicke’s area). The Broca’s area activation maximum
was observed for adults (A) in BA 44 (-53, 13, 15), and for children (C) in BA 45 (-53, 22, 12) (small white squares). Direct comparison between groups
in Broca’s area (B) revealed that children involved BA 45 (-53, 22, 12) in addition to BA 44 activation, while adults did not show any stronger activation than children.
Lower row: Deterministic tractography in group-averaged DTI data based on functional activation in Broca’s area with seed points (turquoise
dots) in BA 44 (activation in adults, (A) and BA 45 (activation in children, (C). Tracking result of activation in adults captures the AF/SLF (in yellow), a
dorsal connection from Broca’s area to Wernicke’s area. Tracking result of activation in children captures the extreme capsule fibre system (ECFS)
(in blue), a ventral connection between these areas.
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Intonational phrase structure processing and syntactic knowledge in
childhood: ERP studies in 2-, 3-, and 6-year-old children

2.2.7

Männel, C. 1, & Friederici, A. D. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
Prosodic and syntactic processes are closely interrelated, such that in spoken language, for example, the occurrence of prosodic boundaries is highly determined
by syntactic structure. Adult ERP studies have revealed
a particular ERP component, the Closure Positive Shift
(CPS), that signals the online processing of intonational
phrase boundaries (IPBs) (Steinhauer, Alter, & Friederici,
1999, Nat Neurosci, 2, 191–196). Given the close interaction of prosody and syntax in adults, electrophysiological correlates of prosodic phrase processing may change
across developmental stages in syntax acquisition.
The current ERP studies explored the relationship between IP processing and the emergence of syntactic
knowledge by testing children at 21 months, 3, and 6
years of age. Regarding syntactic abilities, ERP studies
have reported a developmental shift between 24 and
32 months for the processing of syntactic phrase structure violations (Oberecker, Friedrich, & Friederici, 2005,
J Cogn Neurosci, 17, 1667–1678; Oberecker, & Friederici,
21-month-olds (n = 40)
C4

P4

2006, NeuroReport, 17, 1017–1021). Accordingly, children
at 21 months have not yet passed this developmental
stage, while at 3, and in particular at 6 years of age, they
have. Children of all age groups listened to sentences
containing or lacking an IPB. For 3- and 6-year-olds, ERPs
revealed a positive shift in response to IPBs, in addition
to an obligatory ERP response to sentence continuation
after the boundary pause, while for 21-month-olds only
an obligatory component was observed (Fig. 2.2.7). This
suggests that young children, who have not yet acquired
sufficient phrase structure knowledge, detect speech
breaks by lower-level acoustic processes, rather than by
higher-order perception of combined prosodic boundary cues to IPs, as indicated by the CPS. It follows that the
syntactic knowledge emerging between two and three
years of age seems to have an influence on the mechanisms underlying prosodic phrase processing.

3-year-olds (n = 44)

6-year-olds (n = 48)
C4

C4

Obligatory
Component

P4

Obligatory
Component

Positive
Shift

P4

Obligatory
Component

Positive
Shift

Sentences relative to the 2nd noun phrase

C4
P4

–10 µV
s
–0.5

with IPB

[Tommi verspricht,]IPB
[Tommi promises,]IPB

without IPB

0

0.5

1.0

[Papa zu helfen]
[to help Papa]

[Tommi verspricht Papa zu schlafen]
[Tommi promises Papa to sleep]

Figure 2.2.7  ERPs relative to the 2nd noun phrase of sentences with and without intonational
phrase boundary (IPB).
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2.2.8

The interplay between attention and syntactic processes in the adult and
developing brain: ERP evidence
Suess, F. 1, & Friederici, A. D. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
In a series of four experiments, we studied the influence
of attention on syntactic processes in the adult as well as
the developing brain. The first and second experiment
investigated how different task demands, and with them
different levels of auditory attention, would affect the
first as well as the second syntactic processing phase reflected by the ERP components ELAN and P600, respectively. It was shown that the ELAN was present in both
a grammaticality judgment and passive listening condition, although somewhat reduced when participants’ attention was distracted away from the sentences in the
passive listening condition. The P600, however, was only
present when attention was guided to the sentences by
a task, suggesting that the P600 indeed reflects a more
controlled parsing process.
Grammaticality judgement task
–10

µV

F3

The third and fourth experiment aimed to explore attention effects on syntactic processing in 3- to 4-year-old
children. As similar effects were obtained for children as
for adults, we concluded that the first-pass parsing process is already automatic in nature at an early stage of
language development. Furthermore, the second-pass
parsing process also appears to be a controlled process
in children during language development. In sum, it can
be stated that as soon as the ability to process syntax is
developed, the underlying mechanisms seem to function in an adult-like manner with respect to their degree
of automaticity.
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Figure 2.2.8  Averaged ERPs from an experimental set investigating the processing of
syntactic violations under different task
conditions. Here, data from the low proportion condition for the different tasks are
presented for adults (upper row) and for 3to 4-year-old children (lower row).
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Learnability of embedded syntactic structures depends on prosodic cues

2.2.9

Mueller, J. L. 1, Bahlmann, J. 1, & Friederici, A. D. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
The ability to process hierarchical structures represents
a core function of the language faculty. An example of
a hierarchical structure is the centre-embedded relative
clause (e.g., ‘The tooth the dentist pulled was aching’).
Recently, several studies have investigated the learning
of centre-embedded structures in artificial grammar settings (e.g., Fitch, & Hauser, 2004, Science, 303, 377–380).
However, some results seem to question the learnability of these structures in artificial grammar tasks (e.g., de
Vries, Monaghan, Knecht, & Zwitserlood, 2008, Cognition,
107, 763–774). Here, we tested which exposure conditions allow the learning of centre-embedded structures. We used naturally spoken syllable sequences and
varied the presence of prosodic cues. In order to test
learning, participants were exposed either to a syllable
stream containing a centre-embedded rule (Fig. 2.2.9A),

A
Lexicon
A1:
A2:
B1:
B2:

de di
ge gi
to tu
ko ku

Examples

Phrase structure tree

Ai Aj

Bj Bi

or to a randomly distributed (control) syllable stream.
After exposure to each stream, learning was tested by
a binary forced-choice task. Participants were assigned
to one of four experimental conditions which specified
the prosodic cues present during the exposure phase
(Condition 1: no prosodic cue, Condition 2: descending
sentential prosody, Condition 3: additional pauses between sequences, Condition 4: additional pauses between corresponding syllables). The results (Fig. 2.2.9B)
showed that the presentation of a continuous syllable
stream did not lead to learning (Condition 1). As soon as
sentential intonation was introduced, some learning occurred (Condition 2). Additional pause cues between the
four-syllabic sequences, as inserted in Condition 3, significantly improved the learning success. However, further
intonational cues within the critical phrases, as used in
Condition 4, did not further improve learning. In sum, our
data show that hierarchical syntactic structures can be
learned in artificial grammar tasks if language-like acoustic cues are provided. Prosodic cues marking the boundaries of the major relevant units seem to be a necessary
prerequisite for the learning of centre-embedded structures.

de gi ko tu
ge ge ku ko

B
100

*o

Random
*o

Rule

*

Percentage correct
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0

Condition 1

Condition 2
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Figure 2.2.9   (A) Structure, lexicon and examples of the hierarchical
grammar. (B) Accuracy rates of the binary forced-choice task for each
exposure condition. Asterisks (*) indicate significant differences between the random and the rule-guided exposure conditions, circles
(o) indicate significant differences between two subsequent ruleguided conditions (Condition 2 vs. 1, 3 vs. 2, 4 vs. 3).
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2.2.10

Neural dynamics of lexical-semantic and syntactic learning: An fMRI study
Mueller, J. L. 1, Nakamura, A. 2, Rüschemeyer, S.-A. 3, Ono, K. 2, Sugiura, M. 4,5, Sadato, N. 5, & Friederici, A. D. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
2 National Center for Geriatrics and Gerontology, Obu, Japan
3 Radboud University, Donders Centre for Cognition, Nijmegen, the Netherlands
4 Institute of Development, Aging and Cancer (IDAC), Tohoku University, Sendai, Japan
5 National Institute for Physiological Sciences, Okazaki, Japan
The present study used BOLD fMRI to investigate adult
language learning. Previous neuroimaging studies
have investigated lexical-semantic and syntactic learning in separate experimental designs (e.g., Opitz, &
Friederici, 2003, NeuroImage, 19, 1730–1737; Breitenstein,
Jansen, Deppe, Foerster, Sommer, Wolbers et al., 2005,
NeuroImage, 25, 958–968). In our study, the neural mechanisms of both types of learning were directly compared
using a unitary audio-visual learning task. Japanese native speakers were trained to a high proficiency criterion
in a miniature version of German prior to fMRI scanning.
During scanning they listened to familiar sentences, sentences including a novel syntactic rule, and sentences
containing a novel word (see examples 1 to 3) while the
visual context provided referential information.
(1) Familiar sentence
Gestern hat der Schüler dem Pfarrer den Teller gezeigt.
Yesterday the pupil showed the plate to the priest.
(2) Sentence with novel syntactic structure (passive voice)
Gestern wurde der Teller vom Schüler dem Pfarrer gezeigt.
Yesterday the plate was shown to the priest by the pupil.
(3) Sentence with novel word (object denoting noun)
Gestern hat der Schüler dem Pfarrer den Schirm gezeigt.
Yesterday the pupil showed the umbrella to the priest.
Behavioural performance rates demonstrated rapid
learning of the syntactic condition and more gradual
progress in the lexical-semantic condition. With respect
to brain activation, both learning conditions were associated with activation decreases over time in a largely overlapping fronto-striato-parietal network. While the activation decreases in the syntactic condition appeared after
only one learning block, the lexical-semantic condition
led to gradual changes (Fig. 2.2.10). Thus, the main difference between the neural underpinnings of syntactic and
lexical-semantic adult second language learning in a task
providing referential context lies in the temporal dynamics of activation changes rather than their localization.
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Figure 2.2.10  The figure shows the contrast of each novel condition
(lexical-semantic = SEM, syntactic = SYN) with the familiar (FAM) condition for each of the four learning blocks (B1 to B4) separately from a
sagittal view (x = –42). Z > 3.09, cluster extent > 24 voxels.
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Symbolic gestures enhance foreign language vocabulary learning

2.2.11

Macedonia, M. 1, Müller, K. 1, & Friederici, A. D. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany

A
premotor cortex
BA 6 (–23, –12, 48)

Symbolic gestures
premotor cortex
BA 6 (22, –12, 51)

left inferior frontal junction, and the right rostrolateral
prefrontal cortex. Words paired with symbolic gestures
elicited greater signal intensity in the pre-motor cortex
bilaterally. We suggest that these activations account for
the existence of sensorimotor networks interconnecting language and gesture. They can facilitate learning if
words and gestures are congruent. They do not support
learning if they detect incongruence between word semantics and gesture.
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symbolic gestures
random gestures
follow up test

80

Mean retrieval %

Recent research has shown that accompanying new
words with gestures has a positive impact on memory
performance compared to pure verbal learning. However,
it is not clear whether the enhancement depends on
the type of gesture used or on overall increased activity in brain areas that mediate both speech and gesture
(Gentilucci, & Dalla Volta, 2008, Q J Exp Psychol, 61, 944–
57).
We trained 33 German speakers on 92 single words from
an artificial corpus, which conforms with Italian phonotactic rules. These novel words were assigned common
meanings and were equally distributed into two training conditions: Words were paired either with co-speech
symbolic or with random gestures. The participants imitated 5-second videos for 2 hours daily, for four days.
Retrieval was assessed through single word translation
tests. The behavioural data demonstrated that performing symbolic gestures during learning had a significant
impact on memory for new vocabulary items compared
with random gestures.
In the fMRI study, 18 of the 33 subjects performed a visual and auditory word-recognition task with randomly
presented words. Words learned with random gestures
led to a neural activity pattern associated with incongruity detection, integration effort, and information suppression involving the right anterior cingulate gyrus, the
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Figure 2.2.11.1  Results of the behavioural training. Data in the graph
are aggregated and averaged for translation direction. Figure error
bars represent +/– 2 SE. *p < 0.05, **p < 0.01, *** p < 0.001.
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Figure 2.2.11.2  fMRI study results: Areas of signal intensity change relative to words encoded according to the training conditions (i.e., symbolic
gestures vs. random gestures). The colour-coded regions in both figures show clusters with high Bayesian posterior probability of condition.
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Our research addresses relationships between cognition and action. The
focus of our research agenda is on cognitive processes involved in action
planning, action control, and action perception as well as on interactions between cognition, volition, and action in experimental task contexts. A crucial
theoretical intuition that guides our research is based on the claim that cognition, volition, and action are much more intimately related to each other than
traditional theories in these domains tend to suggest. Notably, we hold that
perception and action (i.e., perceived and intended events) share common
representational resources.
We see our research programme from two perspectives. On the one hand,
we adopt a functional stance on cognition. From this perspective, we view
cognitive functions in the service of action and study their role in action planning and execution. On the other hand, we take a cognitive stance on action.
Here, we regard action in the service of cognition and investigate its impact
on cognitive operations. Accordingly, most of our projects combine two major lines of research. One goes from perception to action, and examines cognitive underpinnings of action control. The other moves from action to perception, and studies action-related foundations of action understanding and
intention reading.
A further theoretical intuition that guides our research is derived from the
notion that the functional machinery for cognition-action-coupling may not
only subserve perception and action within individuals but also interaction
and communication across individuals. Adopting a stronger version of this
notion, one may even claim that that machinery has mainly evolved for the
sake of supporting sub-symbolic, embodied modes of interaction and communication, such as action imitation and simulation, joint action, and task
sharing.
The following overview of projects starts with individual performance, then
moves on to inter-individual interaction, and eventually concludes with early
developmental trajectories of interactions between perception and action.
Projects at the individual level are concerned with (1) links between goals
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and movements and their study in tool-use actions, and
(2) interactions and conflicts arising from concurrent perception and action. At the inter-individual level, projects
address (3) mechanisms involved in imitation and action
simulation, and (4) representational resources for joint ac-

tion and task-sharing. Finally, projects on early development address (5) the emergence of interactions between
perception and action in early infancy at both the individual and inter-individual level.
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3.1 Goals, Movements, and Tools
3.1.1

Intentional actions
Krieghoff, V. 1, Herwig, A. 1,2, Prinz, W. 1, Brass, M. 3, & Waszak, F. 4
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
2 Department of Psychology, University of Bielefeld, Germany
3 Department of Experimental Psychology and Ghent Institute for Functional and Metabolic Imaging, Ghent
University, Belgium
4 Laboratoire Psychologie de la Perception, CNRS – Université Paris Descartes, France
Recent brain imaging research revealed that internally
guided actions involve the frontomedian wall, in particular
the preSMA and the rostral cingulate zone (RCZ). To systematically classify different components of intentional
actions (selection and timing), Krieghoff, Brass, Prinz, and
Waszak (2009) developed a paradigm in which subjects
could choose which action to perform and when. The results suggest a neuro-functional dissociation of intentional action timing and intentional action selection (see Fig.
3.1.1). While the RCZ was more strongly activated for the
selection component (see Fig. 3.1.1A and 3.1.1B), a part of
the superior medial frontal gyrus was more strongly activated for the timing component (see Fig 3.1.1C). However,
a signal strength analysis that was conducted post-hoc
showed an interaction between action timing and action
selection (see Fig. 3.1.1D), indicating that decisional processes concerning action timing and action selection are
not completely dissociated but interdependent.
B
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A further strategy to address the functional underpinnings of intentional actions is to contrast intentional
actions with reactions to external stimuli (i.e., stimulusbased actions). Using this strategy, Herwig, Waszak, and
Prinz (2007, Q J Exp Psychol, 60, 1540–1554) showed that
action-effect learning only took place following intentional actions but not following stimulus-based actions.
In a follow-up study, Herwig and Waszak (2009) showed
that this difference in action-effect learning was not due
to different attentional demands for intentional and stimulus-based actions. Accordingly, the authors suggest that
differences in action-effect learning reflect differences
in action selection rather than attention. Intentional actions are selected with respect to their perceptual consequences (ideomotor principle), whereas stimulus-based
actions are selected with respect to their perceptual antecedents.
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Figure 3.1.1   (A) Main effect action selection (cue-related
activity). Whole-brain analysis. The contrast was averaged
over 14 subjects (z-threshold at z = 3.09, corrected) and
mapped to an individual brain from the in-house database.
The comparison internal action selection > external action
selection is shown. (B) Main effect action selection (cuerelated activity). Signal strength analysis. The diagram reports mean beta values for the RCZ coordinate (x = 6, y = 21,
z = 36). (C) Main effect action timing (cue-related activity).
Whole-brain analysis. The contrast was averaged over 14
subjects (z-threshold at z = 3.09, corrected) and mapped to
an individual brain from the in-house database. The comparison internal action timing > external action timing is
shown. (D) Main effect action timing (cue-related activity).
Signal strength analysis. The diagram reports mean beta
values for the SFG coordinate (x = −18, y = 12, z = 51).
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Phase-shift and gain transformations in unimanual coordination

3.1.2

Dietrich, S. 1, Prinz, W. 1, & Rieger, M. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
Transformations dissociate movements from the effects
they produce in the environment. In a unimanual circling
task, transformed movement effects were displayed on a
screen and had to be coordinated with a continuously circling stimulus. We investigated whether the extent of the
transformation influenced coordination performance. In
Experiment 1, the transformation was a phase shift (-135°,
–90°, –45°, 0°, 45°, 90°, 135°, 180°), and in Experiment 2, it
was a transformation of angular gain (0.5, 0.6, 0.75, 0.8,

1, 1.23, 1.3, 1.5, 2). In both experiments, best coordination performance was found without transformation.
Performance deteriorated systematically with the extent
of the transformation: With positive phase shifts and high
gains, participants produced an effect which was ahead
of the stimulus; with negative phase shift and small gains,
the produced effect lagged behind (constant error). Thus,
not only the presence of a transformation, but also its size
influences performance.

The effect of continuous, nonlinearly transformed visual feedback on rapid
aiming movements

3.1.3

Rieger, M. 1, Verwey, W. B. 2, & Massen, C. 1,3
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
2 Cognitive Psychology and Ergonomics, University of Twente, Enschede, the Netherlands
3 Leibniz Research Centre for Working Environment and Human Factors, Technical University of Dortmund, Germany
amplitude seen on the computer screen and the required
movement amplitude of the hand on a digitizing tablet. Participants adjusted to the external transformation
by developing an internal model (see Fig. 3.1.3). Despite
continuous feedback, explicit awareness of the transformation did not develop, and the internal model still operated at the same early processing level as with terminal
feedback. Thus, with rapid aiming movements, the type
of feedback may not matter for the locus of operation of
the internal model (Rieger, Verwey, & Massen, 2008).

target
amplitude

velocity

amplitude

We investigated the ability to adjust to nonlinear transformations that allow people to control external systems like
machines and tools. Earlier research showed that in the
presence of just terminal feedback, participants develop
an internal model of such transformations, and that the
internal model operates before or at amplitude specification. Here, we investigated the level of operation of the
internal model after practice with continuous visual feedback. Participants executed rapid aiming movements, for
which a nonlinear relationship existed between the target

amplitude
specification

trajectory
generation

hand
amplitude
system

execution

cursor
space

hand
space
1
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Figure 3.1.3  Serial information processing model of human motor control incorporating how the system deals with nonlinear transformations.
The internal model of the external transformation, responsible for the transition from cursor space to hand space, may operate before amplitude
specification, or be part of amplitude specification (Level 1); operate at processes between amplitude specification and trajectory generation
(Level 2); or be part of trajectory generation, or exert its effect on processes following trajectory generation (Level 3).
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3.1.4

Bimanual coordination in tool use
Sattler, C. 1, & Massen, C. 1,2
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
2 Leibniz Research Centre for Working Environment and Human Factors, Technical University of Dortmund, Germany
Spatial coupling is well-known in bimanual coordination:
Performance tends to be better with spatially congruent
than incongruent hand movements. This project investigated spatial coupling in tool use. Specifically, participants touched targets with levers that afforded transparent mechanical transformations of hand movements into
movements of the effective tool part. Thus, spatial target congruence could be dissociated from hand movement congruence via tools that implemented different
transformations. In a first series of experiments, spatial
congruence was defined in terms of directions along the
horizontal y-axis (see Fig. 3.1.4). Results indicated better
performance with same- than different-transformation
tools. With same-transformation tools, performance was
better with spatial congruence. With different transformations, target congruence yielded better performance
than movement congruence if transformations varied
from trial to trial, whereas neither aspect prevailed if
transformations were blocked. A second set of experiments investigated mirror-symmetric versus parallel spatial relations. With same-transformation tools, there was a
symmetry advantage. With blocked different-transformation tools, the symmetry advantage was related either to

3.1.5

targets or movements, depending on layout variations.
Again, performance was better with same- than different-transformation tools. Overall, these findings suggest
that both target- and movement-related coupling contribute to bimanual interference in tool use.

Figure 3.1.4  The basic task: Participants had to operate two lever devices simultaneously. In each trial, one light diode was lit per device,
thereby directly cueing the target to be touched. The example depicts
different transformations: With the left-hand lever, the effective part
moves in the same direction as the hand, whereas with the right-hand
lever, it moves in the opposite direction. Hence, touching the spatially
incongruent targets requires congruent hand movements.

Neuronal correlates of transformation rules in tool use
Beisert, M. 1, Massen, C. 1,2, Brass, M. 3, Lepsien, J. 1, Krieghoff, V. 1, & Prinz, W. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
2 Leibniz Research Centre for Working Environment and Human Factors, Technical University of Dortmund, Germany
3 Department of Experimental Psychology and Ghent Institute for Functional and Metabolic Imaging, Ghent
University, Belgium
Humans operate a variety of tools skillfully even if the
construction of the tool causes effect movements at the
functional tip which are opposite to the operating movements performed at the handle (e.g., by means of a pivot
or spring). In our fMRI study, mechanical tools with such
an incompatible transformation rule (clothes peg, clip),
and also tools with a compatible transformation rule (pliers, tweezers) were displayed on the computer screen
and, via a response device, participants had to open or
close each tool (see Fig. 3.1.5, left panel). Operating tools
with the incompatible (as contrasted with the compatible) transformation rule activated the inferior frontal
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junction (IFJ) and the anterior cingulate cortex (ACC),
which are typically associated with rule-based processing mechanisms (see Fig. 3.1.5, right panel). Additional activation in a network of visuomotor imagery (intraparietal
sulcus, dorsal premotor cortex, extrastriate cortex, lateral
cerebellum) suggests that rule-based processing was
supported by imagining the required tool movement.
We conclude that movement selection to operate a tool
with an incompatible transformation rule is not a direct
process, but requires complex mediation by the cognitive system.
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Incompatible

Compatible

t=0

8

Figure 3.1.5  Stimuli and response device. In each trial, a picture of a tool with a compatible or incompatible transformation rule appeared on the computer
screen. A red or green ball in the functional tip of
the tool indicated whether to open or to close the
tool. The correct operating movement had to be
executed in the response device as if the tool was
directly handled (left panel). Contrast of tools with
an incompatible versus compatible transformation
rule (t-threshold at t = 3.79, uncorrected). Top showing activation in the right ACC (x = 6, y = 18, z = 33),
bottom showing activation in the right IFJ (x = 43,
y = −3, z = 27) (right panel).

Busy doing nothing: Behavioural correlates and neural representations of
action omission

3.1.6

Kühn, S. 1,2, Prinz, W. 1, & Brass, M. 2
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
2 Department of Experimental Psychology and Ghent Institute for Functional and Metabolic Imaging, Ghent
University, Belgium
Throughout history, psychological and neuroscientific research has primarily focused on overt behaviour.
Nevertheless, humans have the widely acknowledged
ability to suppress actions, an ability which society and
culture rely on. The neural basis of this, however, remains
poorly understood. We distinguish four kinds of action
omission, of which only two have been extensively explored up to now: (1) externally triggered inhibition of a
prepotent response; (2) passive states of inaction or idleness (resting-state); (3) internally triggered voluntary inhibition of a prepotent response; and (4) voluntary nonaction where no prepotent response option has to be
overcome.
In the fourth type of action omission, the so-far neglected field of voluntary non-action, we demonstrated that
voluntary actions and non-actions share the property of
action-effect-binding. Moreover, we showed that nonactions can be specifically represented, for instance, as
“not left” or “not right”, and not only generally as an omission not further specified. Our results showed that the
electrophysiological signature and the brain areas involved in the representation of voluntary action and voluntary non-action are virtually the same. In accordance

with this, a comparison of voluntary non-action with
resting state revealed the involvement of a motor simulation network in choosing not to perform a certain action. Taken together, the results lead us to conclude that
the voluntary omission of an action can be regarded as
a mode of action, constituting first evidence in support
of the current judicial stance of regarding voluntary nonactions as punishable acts.
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3.2 Concurrent Perception and Action
3.2.1

3.2.1 Action selection and sense of control
Wenke, D. 1, Fleming, S. M. 2, & Haggard, P. 3
1 Max Planck Institute for Human Cognitive Brain Sciences, Leipzig, Germany
2 Wellcome Trust Centre for Neuroimaging, London, United Kingdom
3 Institute of Cognitive Neuroscience, University College London, United Kingdom
In this project, we studied whether, and how, the subjective sense of control over our actions and their effects is
related to internal processes involved in action selection
and cognitive control. Action selection was manipulated
in a subliminal response priming task. Left and right keypress actions to the target caused the display of one of
several colours as an action effect (cf. Fig. 3.2.1). In contrast to previous studies (e.g., Linser, & Goschke, 2007,
Cognition, 104, 459–75), action effects could not be predicted from the prime or the action alone. Instead, the
specific colour shown depended on whether the participant’s action was compatible or incompatible with
the preceding subliminal prime. Sense of control was
measured by blockwise explicit control ratings and by
an implicit trialwise measure of perceived control known
as temporal binding. Temporal binding refers to the subjective compression of the estimated time interval between actions and effects (Haggard, Clark, & Kalogeras,
2002, Nat Neurosci, 5, 382–385). Reaction times indicate
that compatible primes facilitated responding, whereas
incompatible primes interfered with response selection.
Crucially, action priming also modulated the sense of
control over subsequent effects: Participants felt more
control over colours that followed prime-compatible
actions than over colours associated with prime-incom-

3.2.2

patible actions. We conclude that sense of agency depends on action control, being strongest when selection
is smooth and uncontested.
Compatible

+
+
Incompatible

+
+

+
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Figure 3.2.1  Example stimuli for trials requiring prime-compatible (upper panel) and prime-incompatible (lower panel) left-hand responses.
Left and right keypress responses caused of one of several colours to be
displayed after brief delays of varying lengths. The specific colour shown
depended on the compatibility relationship between prime and action,
and could not be predicted from the prime or the action alone.

Influence of timing and action effects on action-sentence compatibility
Hauser, C. 1,2, Massen, C. 1,3, Rieger, M. 1, Glenberg, A. M. 4, & Prinz, W. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
2 German Research Foundation (DFG) Graduate Programme “Function of Attention in Cognition”, University of
Leipzig, Germany
3 Leibniz Research Centre for Working Environment and Human Factors, Technical University of Dortmund, Germany
4 Department of Psychology, Arizona State University, Tempe, AZ, USA
Research on embodied approaches to language comprehension suggests that we understand sentences by
using our perception and action systems to simulate
their contents. In line with this, the action-sentence com-

96

patibility effect (ACE) shows that sensibility judgements
for sentences are faster when the direction of the described action matches the direction of the response
movement. To investigate whether this compatibility is
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effective between sentence direction and movement tence (because the directional feature is bound to the
direction or direction of the movement effect, move- sentence representation and unavailable for response sements were dissociated from their effects (see Fig. 3.2.2). lection). In sum, the ACE can emerge at a motor level as
In a series of experiments, amplitudes of movement and well as at a higher level of representation.
effect were manipulated to examine the
influence of the salience of the movement effect. When observed, the ACE was
movement-related independent of the
amplitude manipulations. In further experiments, we addressed the role of timing
between response selection and sentence
comprehension as potential cause of the
negative ACE. A response cue indicated
the direction of the required response at
Figure 3.2.2  Illustration of the response apparatus. To indicate whether auditorily predifferent points in time. Results showed sented sentences describing actions toward or away from the body are sensible or not,
an effect-related ACE which was positive participants had to activate a near or far response box on the screen by moving from a
when the cue appeared at sentence onset middle button to a near or far button. As movement effect, a star appeared at the acti(priming between concurrently activated vated location. In the condition with a regular action-effect relation, the location of the
movement effect corresponded with the movement direction (on the left), whereas in
feature codes), and negative when the cue the condition with a transformed action-effect relation, the effect on the screen resulted
appeared within or at the end of the sen- from moving in the opposite direction (on the right).

Spatial representation of time during motor preparatory information
processing in humans

3.2.3

Ishihara, M. 1,2, Keller, P. E. 1, Rossetti, Y. 3, & Prinz, W. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
2 Tokyo Metropolitan University, Japan
3 Unit 864, Institut National de la Santé et de la Recherche Médicale, Bron, France
In this project, we investigated whether time information
(e.g., “early” & “late”) has spatial characteristics, with responses to stimuli being biased by the mental representation of their onset timing (see Fig. 3.2.3). Reaction times
for “early” onsets of a given stimulus event compared to
“late” onsets are faster when making left-side responses
than when making right-side responses and vice versa
for “late” onsets of a given stimulus event (the spatialtemporal association of response codes [STEARC] effect)
(Ishihara, Keller, Rossetti, & Prinz, 2008). This implies the
existence of a spatial representation of time (i.e., “mental
time line”) in action. We also investigated the STEARC effect by varying the onset magnitude of a probe stimulus in order to clarify whether there are spatially biased
magnitude representations of time in action planning.
Results showed that the STEARC effect was not modulated by the different magnitude information. Thus, spatially biased categorical (rather than continuous) early/
late representations were found. Further investigations
addressing whether the STEARC effect was influenced
by the amount of preceding temporal information (i.e.,
the number of induction clicks) revealed that the effect

does not depend on this factor, suggesting that spacetime associations affect action independently of expectancy strength.
Congruent
Early

Late

Incongruent
Late

Early

Figure 3.2.3   Participants listened to eight clicks. The timing of the
last click (i.e., the eighth click, serving as a probe) was experimentally
manipulated in such a way that it was “Early” (–215 ms) or “Late” (+215
ms). Participants were instructed to indicate whether the timing of the
probe click was earlier or later than the expected critical inter-onset interval by pressing one of the two response buttons following the presentation of the probe. The left response was assigned to “Early” probes
and the right response to “Late” probes in the congruent condition,
whereas this S-R mapping was reversed in the incongruent condition.
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3.2.4

Active and passive body parts in sensorimotor synchronization
Ishihara, M. 1,2, Keller, P. E. 1, & Prinz, W. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
2 Tokyo Metropolitan University, Japan
In previous research on sensorimotor synchronization,
we manipulated the somatosensory information received from a tapping finger to investigate how feedback from an active effector affects temporal coordination (Aschersleben, Gehrke, & Prinz, 2001, Exp Brain Res,
136, 331–339). In the current project, we examined the
role of feedback from passive body parts by employing
a task that required finger tapping on one’s own skin at
anatomical locations of varying tactile sensitivity (see Fig.
3.2.4). A motion capture system recorded participants’
movements as they tapped in synchrony with an auditory pacing signal using their right index finger on either their left index fingertip (Finger/Finger) or forearm
(Finger/Forearm). Contrary to expectations, results indicated that tap timing was more variable and movement
amplitudes larger and much more variable when tapping on the finger than on the less sensitive forearm. We
propose that Finger/Finger tapping may be impaired relative to Finger/Forearm tapping due to ambiguity arising
through an overlap in neural activity associated with tac-

3.2.5

tile feedback from the active and the passive limb in the
former. To compensate, the control system may strengthen the assignment of tap-related feedback to the active
finger by increasing the kinematic and dynamic variability of its movements.

Figure 3.2.4   Tapping on one’s own body: Participants tapped with
their right index finger either on the tip of their left index finger
(Finger/Finger tapping), or on the indicated location of their left forearm (Finger/Forearm tapping). Finger movements were recorded by a
motion capture system.

Finger coordination in expert typists and pianists
Rieger, M. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
In this study, it was investigated whether skill in finger
movements due to expertise in either piano playing or
typing transfers to other tasks. Whereas pianists are well
trained in performing keypresses alternating between
the two hands as well as performing concurrent keypresses with both hands, the task of typing only requires
the former. Further, pianists have to adhere to precise timing, whereas typists usually try to type as fast as possible.
Typists, pianists, and control participants performed tapping tasks, either alternating between single keypresses with the left and right hand, or alternating between
different concurrent keypresses with fingers from both
hands (see Fig. 3.2.5). They had to synchronize their taps
with tones which were presented at different speeds (2
Hz, 3 Hz, 4 Hz, 5 Hz, 6 Hz, 7 Hz, and 8 Hz). In comparison to
controls, pianists showed better timing performance but
typists did not (variability of asynchronies). Both typists
and pianists showed better coordination performance
than controls (% valid trials). It is concluded that in ex-

98

pert typists and pianists, the extensive training of finger
movements leads to generally increased efficiency in
performing finger movements.
L1 L2 L3 L4

R4 R3 R2 R1

Alternations between:
Single keypresses with the left
and right hand:

Concurrent keypresses with
both hands:

L2

-

R3

L3

-

R2

L2

-

R2

L3

-

R3

L2, R3

-

L3, R2

L2, R2

-

L3, R3

Figure 3.2.5  Keypress conditions in the tapping task. There were 6 different combinations of fingers of the left (L1 to L4) and right (R1 to R4) hand.
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3.3

Observing human interaction with physical devices

3.3.1

Massen, C. 1,2
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
2 Leibniz Research Centre for Working Environment and Human Factors, Technical University of Dortmund, Germany
Previous work has shown that if we observe another person operating a tool or physical device, the action rule of
the observed action is automatically activated and can
subsequently facilitate our own actions. In this study, the
mechanisms responsible for this automatic priming of
actions were investigated. In two experiments, the question was raised whether priming arises from the observation of the physical device and its movements, or whether it is modulated by aspects of the person’s behaviour.
Whereas Experiment 1 showed that priming effects are
not influenced by the effector used by the observed person, Experiment 2 demonstrated that they are modulated by the handle (and associated action rule) that is used
to operate the device. These results suggest that motor
resonance mechanisms are sensitive to the specific inter-

action between movements of an actor and associated
movements of a physical device.

Figure 3.3.1   Experimental setup of the study. Two participants took
turns to operate a physical device. The diagram depicts the participant
(left side) being observed by the participant on the right.

Direct matching of non-human action is action selective

3.3.2

Liepelt, R. 1, Brass, M. 2, & Prinz, W. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
2 Department of Experimental Psychology and Ghent Institute for Functional and Metabolic Imaging, Ghent
University, Belgium
Observed actions are matched to the observer’s motor
repertoire, producing an automatic tendency to reproduce that action (direct matching). Previous research
A

suggests a stronger matching process for human than
for non-human (robotic) actions. Using a motor priming
paradigm, this study investigated whether agent differB

1

1
Mean RT [ms]

1

460

Figure 3.3.2  (A) Experimental design showing a non-human agent performing actions in three different categories (left-right: communicative,
intransitive, transitive movements). (B) Mean reaction times (RTs) in milliseconds (ms) with error bars representing standard errors of the mean
as a function of observed gesture type (communicative, intransitive,
and transitive movements) and congruency (congruent and incongruent) for the non-human agent condition.

Communicative
Intransitive
Transitive

420

380

congruent
incongruent
Congruency
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ences in direct matching are action selective. Participants
performed a range of hand actions while observing congruent or incongruent end-state postures of the same
action category. We used three different action categories: a communicative action (emblem), a transitive (goaldirected) action and an intransitive action pursuing no
further goal. All gestures were produced either by a human or a non-human agent (for the non-human agent,

3.3.3

see Fig. 3.3.2A). We found motor priming effects of a similar size for human and non-human agents for transitive
and intransitive actions. However, the motor priming effect for communicative actions was only present for the
human agent and absent for the non-human agent (see
Fig. 3.3.2B). These findings suggest that biological tuning
of direct matching is action selective.

Simulating in the mask: Action simulation aids the detection of masked
human motions
Parkinson, J. 1, Springer, A. 1, & Prinz, W. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
When viewing the actions of others, we often see them
imperfectly, briefly disappearing from view or otherwise
obscured. Previous research has shown that people generate real-time action simulations, aiding the prediction
of the action’s future course, such as during brief occlusion from view (Graf, Reitzner, Corves, Casile, Giese, &
Prinz, 2007, NeuroImage, 36, Suppl 2: T22–32). The current
research further investigated whether simulation aids
the ongoing perception of degraded action percepts.
Dynamic human actions were presented using pointlight (PL) actors on a “noise” background resembling a
detuned TV signal. Participants viewed the PL actor, who
briefly disappeared and then reappeared. The motion of

the reappearance was either temporally congruent or incongruent with the action as it would progress after occlusion. Varying the contrast between the PL joints and
the noise background allowed measurement of detection thresholds for actors’ reappearance using psychophysical methods.
Participants detected the reappearance more easily when
the motion temporally matched that of the ongoing
simulation, measured as detection threshold differences
between temporally congruent and incongruent conditions. Thus, individuals engage a real-time action simulation, which aids the prediction of the ongoing action
both when the action-percept is absent or degraded.

Noise background of
constantly changing random
black & white pixels

Reappearance temporally
congruent (0 ms offset) or
incongruent (±300 ms offset)

Contrast varied to measure
detection threshold differences
Visible action
(1 - 1.5 s)

Occlusion
(400 ms)

Degraded reappearance
(360 ms)

Figure 3.3.3  Time course of stimuli used in the action simulation masking experiments. The initial period of the PL action is seen at high visibility
against the constantly changing random-noise background. The action briefly disappears, then reappears at a variable contrast – and hence with
variable visibility – against the background. Detection thresholds are measured as a function of temporal offset.
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Motor interference effects in real-time simulation

3.3.4

Springer, A. 1, Liepelt, R. 1, Brandstädter, S. 1, Mechsner, F. 2, Giese, M. 3, & Prinz, W. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
2 Cognition and Communication Research Centre, School of Psychology and Sport Science, Northumbria University,
Newcastle upon Tyne, United Kingdom
3 Hertie Institute for Clinical Brain Research, University Clinic Tübingen, Germany
Recent evidence suggests that humans perform real-time
simulation when observing others’ actions. However, the
motor processes involved in action simulation are still underspecified. In this study, we tested interference effects
of action execution on real-time simulation. Participants
watched transiently occluded point-light (PL) arm movements and indicated whether the action outcome after
occlusion was coherent with the previous action or not
(i.e., same or different depth angle). At the same time, participants had to execute arm movements as indicated by
a cue. Observed and executed movements were either
congruent or incongruent. The PL actor was filmed in a
way that could be perceived as from the back or the front
(see Fig. 3.3.4). The instructions indicated it was from the
back in Experiment 1 and from the front in Experiment 2.
Experiment 1 (back view) showed that real-time simulation was obtained only when executed and observed
movement involved the same body side but a different
movement direction. Conversely, Experiment 2 (front
view) revealed the real-time pattern only when executed and observed movement involved a different body
side but the same movement direction (i.e., ‘mirror view’).
These results suggest that motor interference effects on

real-time simulation exist, supporting the notion that action execution and action simulation share common representations.
Motor
Task Cue

Occluder Test Pose
...

time

Figure 3.3.4  While executing an arm movement, participants watched
a point-light arm movement (upper part) that was occluded by a
blank, followed by a static test pose. They indicated whether the pose
was a correct continuation of the previous movement or not.

Action semantics and motor execution modulate action simulation

3.3.5

Springer, A. 1, Tausche, P. 1, & Prinz, W. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
This project investigated internal real-time simulation of
actions observed in others. We aimed to specify the assumed processes by demonstrating that both semantic
processing and motor activation affect action simulation.
In two series of experiments, participants watched transiently occluded actions and indicated whether the action
outcome after occlusion was coherent with the previous
action or not. Task performance was measured when observers in parallel (a) processed action words describing
fast versus slow movements (i.e., semantic interference
effects), and (b) executed arm versus leg movements (i.e.,
motor interference effects). In accordance with previous

findings, results indicated a real-time mechanism for action simulation. Moreover, real-time simulation was less
pronounced (a) when processing slow relative to fast action words and (b) when executed and observed movement required the same effector. These results support
the notion that action simulation involves sensory-motor
processes, which can be modulated by action semantics.
This view is in line with the theory of common representational grounds for motion processing and language
processing, and also accords with a recent embodied
concept claiming that motor processes are closely linked
to conceptual (language-based) processes.
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3.3.6

Action prediction and the premotor cortex
Stadler, W. 1, Schubotz, R. I. 2, Springer, A. 1, Ott, D. V. M. 1, Schütz-Bosbach, S. 1, & Prinz, W. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
2 Max Planck Institute for Neurological Research, Cologne, Germany
The premotor cortex is not only involved in action planning and is recognized as neural substrate of action simulation, but is also implied in the prediction of observed
dynamic events, and thus assumed to achieve dynamic transformations (Schubotz, 2007, Trends Cogn Sci, 11,
211–218). In two studies, using functional magnetic resonance imaging (fMRI) and repetitive transcranial magnetic stimulation (rTMS), we examined which sections of the
premotor cortex relate to performance during dynamic
action prediction as compared to more static memorizing of action stimuli. Video-clips showed everyday actions that were repeatedly occluded. During occlusion,
participants either predicted the actions’ continuation
(Prediction task), or memorized the last visible frame
(Memory task). In the fMRI study, the length of action
occlusions was varied to obtain brain activation modu-

lated by prediction load. Premotor activation increased
with the length of occlusions not only in Prediction but
also in Memory. These parametric effects were thus interpreted as reflecting task-unspecific maintenance of action representations. However, in the pre-supplementary
motor area (pre-SMA) and in the left dorsal premotor cortex (PMd), Prediction induced stronger activation than
Memory, suggesting that predicting action dynamics
corresponded best to the functional properties of these
areas. Results obtained in the rTMS experiment corroborated these findings. When applied during the onset of
occlusions in the Prediction task, rTMS interference in left
PMd led to a significant increase in error rates as compared to rTMS over the Vertex. Overall, the results suggest
that premotor functions are required to predict occluded
actions.

Activation increasing with occluder duration
Prediction

Memory
Precuneus

pre-SMA (3 13 45)

pre-SMA

0.8

PSC

pre-SMA

ROI Analysis

0.6
0
x=3

visual system

x=3

1
2
3
occluder duration (sec)

pre-SMA

pre-SMA

Left PMd (-27 4 51)

MFG

right PM

PSC

0.4

left PMd

IPL

left PMd

right PM

IPL

visual system
Z-score
z = 48

+2.6

+6.2

z = 48

0.2
0

1
2
3
occluder duration (sec)

Prediction

Memory

Figure 3.3.6  Activation increasing parametrically with occluder duration. Zmaps were thresholded at z = 2.58 (p < 0.05 corrected) and were overlaid on an anatomical reference image. In Prediction and in Memory, premotor cortex activation increased with occluder duration. Parametric
effects outside the motor system differed between tasks: Prediction induced activation in visual areas suggesting imagery of predicted actions,
while MFG activation in Memory indicates similarity to working memory tasks. The diagrams show percent signal changes (PSC) (y-axis) for
Prediction (red) and Memory (black) and for three occluder durations in pre-SMA and the left PMd which were subjected to a region-of-interest
(ROI) analysis (localization of subthreshold activation in left PMd is indicated on anatomical images). Pre-SMA and left PMd activations were stronger in Prediction than in Memory.
Abbreviations: IPL, inferior parietal lobe; MFG, middle frontal gyrus; PM, lateral premotor cortex.
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The influence of perceptual training on action prediction at brain and
behavioural levels

3.3.7

Cross, E. S. 1, Stadler, W. 1, Parkinson, J. 1, Schütz-Bosbach, S. 1, & Prinz, W. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
It has been proposed that the mirror neuron system
(MNS) is involved in negotiating the interaction between
action perception and production. Here we address the
theory that the MNS subserves action prediction through
observation of occluded actions, and probe the flexibility of this system by using action sequences that are not
within participants’ motor repertoires (wind-up toy and
gymnastic sequences; Figure 3.3.7A). Findings from the
post-training neuroimaging session indicate that participants perform the prediction task equally well for trained
gymnast and toy sequences. However, distinct neural
systems are engaged by the two different kinds of agents
(Fig. 3.3.7B).
Prediction of untrained compared to trained gymnastic
sequences recruited inferior parietal lobule and premotor cortex, two regions of the MNS. In contrast, prediction

A

B

of the untrained toy sequences recruited a large cluster
in the occipital gyrus. For trained compared to untrained
gymnastic sequences, greater activity was observed
within midline cerebellum. No brain regions emerged
from the comparable contrast for toy sequences. These
results suggest that perceptual training appears to obviate the need for MNS recruitment for task performance.
In contrast, the MNS is recruited to predict less familiar
human actions, while greater activity in visual cortices is
recruited for predicting less familiar actions performed
by non-human agents. The findings provide evidence for
motor system recruitment to predict complex human actions that one’s own body cannot perform, but this system does not generalize to non-biological, mechanical
actions.

Untrained > Trained Sequences

Time
Participants’ Task: Press button when agent
should reappear from behind black box

Gymnasts

Wind-up Toys

Figure 3.3.7  (A) Example of one of the gymnast stimuli, with an indication of where the occluding surface occurs and when participants should
optimally make a button press to indicate when the gymnast (or toy) should reappear. Participants trained on the prediction task for 4 consecutive
days, in between a pre- and post-training fMRI session, during which they performed the identical prediction task.
(B) Group-averaged t-maps (N = 20) time-locked to the 3 seconds preceding occlusion in the action prediction task for trained compared to untrained gymnastic sequences (left side of figure) and trained compared to untrained wind-up toy sequences (right side of figure). The t-maps are
thresholded at p < 0.05, FWE corrected, and k = 50 voxels.
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3.4 Joint Action and Task Sharing
3.4.1

The effect of perceived intentionality on joint action effects
Atmaca, S. 1, Holländer, A. 1, Wenke, D. 1, & Prinz, W. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
In this study, we examined to which extent task co-representation depends on the attribution of intention to the
co-actor. We assigned an Eriksen Flanker task (Eriksen, &
Eriksen, 1974, Perc Psychoph, 16, 143–149) to two participants such that each pressed his/her key in response to 2
out of 4 target letters. The Flanker effect (reaction times
to targets flanked by the other’s letter vs. one’s own) in
this joint intentional condition was compared to (1) an individual condition, in which participants performed their
task share alone, and (2) a joint unintentional condition, in
Intentional co-actor vs. no co-actor

*

*

480

480

460

460

440

420

Joint Intentional

Individual

Compatible – target is flanked by one´s own letters
Neutral – target is flanked by neutral letters

3.4.2

Intentional vs. unintentional co-actor
B

RTs in ms

RTs in ms

A

which a motor passively moved the key and the finger of
the co-actor in response to “his/her” stimuli. The Flanker
effect was more pronounced in the joint intentional compared to the individual condition, replicating results from
previous experiments. Importantly, the joint intentional
and unintentional conditions also differed, while the joint
unintentional and the individual conditions were comparable (cf. Fig. 3.4.1). Together, these results suggest that
intention attribution affects co-representation in joint
task settings.

440

420

Joint Intentional

Joint Unintentional

Incompatible – target is flanked by the co-actor´s letters

Figure 3.4.1   Reaction Times (RT)
on compatible, neutral, and incompatible trials, with the Flanker
effect being the RT difference
between incompatible and compatible trials. The Flanker effect in
the joint intentional condition (response key was pressed of co-actor’s own volition) was compared
with the Flanker effect in the individual (no co-actor) and joint unintentional condition (co-actor’s
response key was controlled by a
motor).

Interference and synchronization in interpersonal coordination of aiming
movements
Jäger, C. 1, Holländer, A. 1, & Prinz, W. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
In order to investigate if co-representation of another’s
task exerts an influence on movement planning and/or
movement execution, we developed a bimanual reaching paradigm in which the task was divided between
two participants who jointly performed the task using
one hand each. Visually presented cues indicated the
direction of the movements that had to be performed
concurrently. Due to there being two possible directions,
the relation between the executed reaching movements
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could either be symmetric or asymmetric. The results
showed interference in movement preparation and execution processes emerging when dyads had to perform asymmetric movements. We also found significant
trial-by-trial correlations for movement initiation times.
Additionally, the size of these correlations was closely
coupled to the size of the symmetry effect for each dyad,
suggesting that people coordinate their actions jointly in
the spatial as well as in the temporal domain.

Joint Action and Task Sharing

Analyzing task sharing in a social dual-task context

3.4.3

Liepelt, R. 1, & Prinz, W. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
The ability to coordinate actions with other individuals
in order to achieve common goals (task sharing) is crucial in social interactions. However, little is known about
the cognitive mechanisms involved in task sharing. In the
present study, we tested if people form a representation
of a co-actor’s task when performing a dual task in a social
context. We developed a task sharing version of the psychological refractory period (PRP) paradigm (see Fig. 3.4.3,

left). In the Joint dual-task situation, reaction times for
Person 2 (Task 2) increased with decreasing stimulus onset asynchrony (SOA). This effect was similar to the effect
usually observed in a standard dual-task situation where
one person is responding to two stimuli (see Fig. 3.4.3,
right). The present findings suggest that individuals acting
together in a social PRP dual-task situation represent the
motor execution part of the co-actor’s task.

1200

3
8

RT [ms]

Dual Task
Joint Task
Single Task
800

400
100

500
SOA [ms]

900

Figure 3.4.3  Experimental
setting of the social dual-task condition (left).
Reaction times for Task
2 for the dual-task, the
joint-task and the singletask setting (right) in four
stimulus onset asynchrony conditions (0, 100, 300,
1000 ms).

Response anticipation in joint action is based on egocentric spatial
properties

3.4.4

Holländer, A. 1, Jäger, C. 1, & Prinz, W. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
In the present study, the Lateralized Readiness Potential
(LRP) was used as a measure of relative activation of a
participant’s motor cortices to investigate whether performing a task with another agent affects action planning processes, and whether the representation of the
other’s action is generated from the individual’s own
egocentric perspective or from that of the co-actor (allocentric). We used an S-S-R design, with S1 indicating
whose task had to be performed, followed by S2, which
triggered the response (see Fig. 3.4.4.1). Participants either performed their share of the task alone (individual)
or with another agent, who responded blockwise either
with the same hand (joint congruent) or with the opposite hand (joint incongruent). LRPs indicate motor programming for the non-acting person in the joint, but not

the individual conditions. Moreover, LRPs in the two joint
conditions were comparable, suggesting that anticipatory response activation was based on egocentric spatial
properties (see Fig 3.4.4.2).
Stimulus presentation
precue
(whose turn to act)

......

imperative stimulus
(100 % Go)

+
+

+

or

......

+

400 ms

1000 ms

Figure 3.4.4.1  Schematic representation of stimulus presentation.
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Lateralized readiness potentials
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Figure 3.4.4.2  Lateralized readiness potentials. Top, lateralized readiness potentials locked to the imperative stimulus for the single condition (left),
joint congruent condition (middle), and joint incongruent condition (right). LRPs on Go trials are indicated in red, and LRPs on NoGo trials are
indicated in black. Bottom, CSD maps of LRP effects in the single condition (left), joint congruent condition (middle), and joint incongruent condition (right) on Go trials (top) and NoGo trials (bottom) separately for the time window –200 to 0 ms relative to the imperative stimulus. The C3/C4
electrode over the lateral motor cortex is circled in black for reference.

3.4.5

Functional analysis of task sharing: Evidence from ERP studies
Holländer, A. 1, Töbel, L. 2, & Prinz, W. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
2 Nijmegen Institute for Cognition and Information, Nijmegen, the Netherlands
Previous studies on task sharing claim that joint action
effects emerge due to online co-representation of the
co-actor’s actions when he/she knows the other’s S-R
mappings. We investigated the underlying neural mechanisms of the recently reported joint Simon effect (Sebanz,
Knoblich, & Prinz, 2005, JEP:HPP, 31, 1234–1246) using EEG.
The N2cc (cc: central and contralateral to stimulus appearance), formerly reported to reflect response selection conflict in a Simon task (Praamstra, & Oostenveld,
2003, Cognit Brain Res, 16, 309–322), was measured. If the
joint Simon effect indeed emerges due to the representation of the co-actor’s response alternative, one should
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find evidence of vicarious action selection conflicts in the
joint condition when it is the co-actor’s turn to respond
on incompatible trials. This prediction was not confirmed
as the N2cc in the joint condition was essentially flat, similar to that in the individual condition. Rather, the N2cc results suggest that the joint Simon effect may have similar
causes as the induced Simon effect in a Go-NoGo task. In
a further study requiring participants to respond to centrally presented arbitrary stimuli, the lateralized readiness
potential was used as a measure of relative activation of
participants’ motor cortices. Results showed that the motor system of the non-acting person was only activated if

Joint Action and Task Sharing

agent-associated features implied a left-right dimension
(i.e., when participants sat side by side, or when they used
different hands while sitting behind each other). These
findings suggest that during offline task implementation,

the co-actor’s task specification is co-represented and
may then act back on one’s own task representation during online execution.

Sequential dependencies in a social Simon task

3.4.6

Liepelt, R. 1, Wenke, D. 1, Fischer, R. 2, & Prinz, W. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
2 Department of Psychology, Technical University Dresden, Germany
The present study tested if joint action in a social Simon
task involves mechanisms of action co-representation.
We assigned a spatial compatibility task to two participants (see Fig. 3.4.6). Each participant was responsible for
only one of two possible responses. The task was performed alone (Individual Go-NoGo), in cooperation with
another person who was sitting alongside (Joint GoNoGo) and in a typical standard Simon task. We found
no spatial compatibility effect in the Individual Go-NoGo
condition, but a spatial compatibility effect in the Joint
Go-NoGo task setting. We also found comparable sequential modulations of the Simon effect in both the
Joint Go-NoGo and the Individual Go-NoGo condition.
These effects were only based on trial transitions that followed Simon compatible trials, independent of whether
the previous trial was self-produced or not. The present

findings suggest that joint task performance in a social
Simon task is functionally equivalent to individual task
performance.

Figure 3.4.6  Experimental setting in the Joint Go-NoGo condition.

Task co-representation in choice tasks? No evidence of motor simulation

3.4.7

Wenke, D. 1, Holländer, A. 1, & Prinz, W. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
A strong view of action co-representation holds that humans predict and vicariously activate their co-actors’ actions when informed of their co-actors’ task rules (e.g.,
Sebanz, Bekkering, & Knoblich, 2006, Trends Cogn Sci,
10, 71–6). If co-representation indeed involves vicarious
response activation according to the other’s task rules,
then one should find evidence of action co-activation
when both actors perform choice tasks. This prediction
was not confirmed when we compared individual and
joint performance on a number of different two-alternative forced-choice tasks. In experiments that required
switching between a colour task and a form task (cf. Fig.
3.4.7.1), social setting (individual, joint) neither interacted
with switch costs (i.e., impaired performance on switch
compared to repetition trials), nor with performance in

single task control experiments. An EEG experiment with
action-affording stimuli (cups) suggested the same conclusion, implying that the lack of effects in the behavioural choice-task studies was not due to the arbitrary
character of stimulus-response mappings (Fig. 3.4.7.2).
We conclude that co-representation does not necessarily
involve response activation according to the other’s task
rules. Rather, another person’s presence may often primarily affect how one’s own task share is represented.
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Figure 3.4.7.1  Examples of a typical sequence of trials in the joint dual task condition of the task switching experiment. (A) Participants sat alongside each other in front of one computer monitor. The background on which the coloured shapes were presented determined whose turn it
was. (B) A task cue presented in the beginning of the trial indicated whether to perform the colour task or the shape task, each of which had two
stimulus and response alternatives. In the single task control experiments, participants performed only one task.

response
whose turn
to respond

3.4.8

preparation of
left/right response

Go Signal

feedback

Figure 3.4.7.2   Schematic of trial events in the
cup study. Participants first saw a photograph
of the cup without its handle in one of three
different colours. The cup colour indicated who
should respond (the EEG-participant, the coactor, or neither). The side of the handle indicated which action (catching movements with
the left vs. right hand) to perform. Participants
were supposed to withhold their response until
the Go-signal. Feedback indicated whether the
cup was “caught” in time.

Awareness of own and other-generated actions
Wenke, D. 1, Pfister, R. 2, Obhi, S. 3, Holländer, A. 1, & Prinz, W. 1
1 Max Planck Institute for Human Cognitive Brain Sciences, Leipzig, Germany
2 Julius Maximilian University Würzburg, Germany
3 Wilfried Laurier University, Waterloo, ON, Canada
The experience of causing an event alters subjective time
and leads to temporal binding: We perceive our own intentional actions and the events that follow our actions
to be attracted towards each other in subjective time
(e.g., Haggard, Clark, & Kalogeras, 2002, Nat Neurosci, 5,
382–385). In our experiments, we used temporal binding
to investigate the sense of control over one’s own and
other people’s actions in a joint task setting. One participant (the “leader”) initiated a sequence of events by
pressing a key at a time of her/his choosing. The leader’s
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action produced a tone that served as the imperative signal for the other participant (the “follower”) to press his/
her key. Participants either estimated the length of the
interval between the leader’s keypress and the ensuing
tone, between the leader’s tone and the follower’s keypress, or between the follower’s keypress and a second
ensuing tone. Temporal binding was more pronounced
when intervals were judged from the leader’s than from
the follower’s perspective, suggesting that leaders feel in
control of follower actions they “trigger”.

Perception and Action in Infancy
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Action processing in early infancy: The relationship between action
comprehension and performance

3.5
3.5.1

Daum, M. M. 1, Prinz, W. 1, & Aschersleben, G. 2
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
2 Developmental Psychology Unit, Saarland University, Saarbrücken, Germany
One major question in the field of social-cognitive development is whether and how action comprehension and
performance are related. In a series of experiments using
within-subjects designs, we tested infants’ comprehension and performance of simple actions (e.g., object-related grasping) and more complex actions (e.g., means-end
action). Infants were presented with both a perception
and a production version of the respective tasks. In the
case of a simple grasping action, infants can encode the
goal of the action only if they are able to perform the
same action themselves. Perception and production of
a simple object-related grasping action are thus already
very closely related at the age of 6 months, at which time

these two very basic skills are about to develop. However,
when presented with more complex means-end actions,
infants are able to encode the goal of the action even if
they are not yet able to perform the action themselves.
A complex action consists of simpler sub-actions and an
observing infant might thus rely on an understanding of
simpler parts of the action (e.g., grasping an object as part
of a means-end action) to understand complex action.
We conclude that a tight coupling in the development
of perception and action seems to be solely in place for
basic motor skills and not necessarily for more complex
problem solving behaviour like means-end actions.

Figure 3.5.1  Exemplary trials of the perception tasks of the grasping study (upper panel) and the means-end study (lower panel), respectively.
The upper left and middle images (A, B) show the actor’s grasping movement. The upper right (C) shows the unexpected final state as it was
presented after the presentation of the grasping. The lower sequence (1–3) shows an actor pulling a board with a toy placed on the board. The
lower far-right image (4) shows the unexpected final state of the presented means-end action.
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3.5.2

Visual-tactile contingency detection in the first year of life
Jank, J. 1, Zmyj, N. 1, Schütz-Bosbach, S. 1, & Daum, M. M. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
It is well documented that in the first year of life, infants (i.e., oblong wooden blocks of approximately the same
are able to identify self-performed actions, which is re- size as the baby doll legs) being stroked as in Experiment 1.
garded as the base of self-perception. However, it is not No preference was found for either the contingent or the
known whether infants are also sensitive to aspects of non-contingent display. These results indicate that detecthe self when they cannot control the sensory feedback tion of visual-tactile contingency as one important aspect
by means of self-performed actions. Therefore, we inves- of self-perception is present very early in ontogeny. We
tigated the contribution of visual-tactile contingency to further suggest that infants show this ability only when
self-perception in infancy. In Experiment 1, infants at the viewing objects strongly resembling their body.
age of 7 and 10 months were presented with
two video displays of lifelike baby doll legs. In
each video, the left leg was stroked. However,
the timing of stroking differed between both
video displays. During the demonstration,
the infant’s left leg was stroked contingently
in time with one video display. We found evidence that 10-month-olds looked significantly longer at the contingent display than at the
non-contingent display but 7-month-olds did
not. In Experiment 2, we presented 10-month- Figure 3.5.2   Sample stimulus displays for the visual-tactile contingency task that
olds with video displays of two neutral objects were presented simultaneously.

3.5.3

Spatial cueing by referential human actions in infants and adults: Evidence
from reaction times, eye tracking, and ERPs
Daum, M. M. 1, Gredebäck, G. 2, Melinder, A. M. D. 2, & Prinz, W. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
2 Department of Psychology, University of Oslo, Norway

Figure 3.5.3  Exemplary stimulus sequence used in the present project. 1) Attention grabber (or fixation cross in adult versions) appears;
2) Cueing gesture (e.g., grasping/pointing hand) is presented for an
stimulus onset asynchrony between 100 and 1000 ms; 3) Target (same
as attention grabber in the infant versions) appears at either a congruent (A) or incongruent (B) location.
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In this project, we focused on the role of covert attention during the observation of referential human gestures as one underlying mechanism in infant and adult
action processing. In a series of experiments, infants and
adults were presented with versions of a spatial congruency paradigm as introduced by Posner (Posner, 1980, Q
J Exp Psychol, 32, 3–25). Participants saw grasping and
pointing hands, and grasping and pointing mechanical
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claws. Reaction times were measured via button presses
(adults only) and via saccadic reaction times. The results
showed that referential human gestures caused similar
congruency effects as arrows and gaze shifts. These congruency effects were stronger when participants were
presented with actions performed by a human agent
than a mechanical claw. The development of this shift
of covert attention was closely related to the development of infants’ ability to perform the perceived action.
Finally, infant and adult brain responses showed differ-

ential activation to congruent and incongruent gestures
with an enhanced P400 in infants and an enhanced N200
in adults. The functional similarity of these components
suggests that both might have a common source. Taken
together, these findings suggest that the ability to direct
one’s attention based on referential manual actions represents a cornerstone for infants’ understanding of goaldirected actions.

Selective imitation of novel actions in 14-month-olds is influenced by a
model’s characteristics

3.5.4

Zmyj, N. 1, Daum, M. M. 1, Prinz, W. 1, Buttelmann, D. 2, Carpenter, M. 2, Nielsen, M. 3, & Aschersleben, G. 4
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
2 Max Planck Institute for Evolutionary Anthropology, Leipzig, Germany
3 School of Psychology, University of Queensland, Brisbane, Australia
4 Developmental Psychology Unit, Saarland University, Saarbrücken, Germany
Previous research has shown that infants selectively imitate actions with respect to others’ intentions or situational constraints. We tested whether infants also take a
model’s characteristics into account when they imitate
novel actions (e.g., operating a lamp by using the head).
In Experiment 1, we showed that infants are more likely
to imitate a novel action performed by an adult model than a peer or an older child. In two control experiments, however, peer imitation was increased compared
to imitation of older age groups when infants were presented with familiar actions. Infants may perceive an
adult model as the most reliable. They might have selectively imitated adults in Experiment 1 because they

are more likely to imitate reliable than unreliable models
when learning novel actions. This interpretation is supported by Experiment 2. Here, infants imitated novel actions more often from an adult model that had a history
of reliability as compared to a model that had a history
of unreliability. In Experiment 3, we extended these findings by showing that infants selectively imitate novel actions from a speaker of their own language than from a
speaker of a foreign language. These findings support
the notion that infants are sensitive to a model’s characteristics. Moreover, we concluded that infant imitation is
a cognitively controlled mechanism rather than an automatic process.

Figure 3.5.4  Sample stimulus display of a 14-month-old infant performing the head touch.
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3.5.5

Investigating action understanding through anticipatory eye movements
Melzer, A. 1, Daum, M. M. 1, & Prinz, W. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
In this study, our aim was to further elucidate the development of infants’ action understanding. In adults,
the same pattern of (anticipatory) eye movements is
shown if an individual produces an action and if she/
he observes the same action (Flanagan, & Johansson,
2003, Nature, 424, 769–771). This is considered to be an
indication of the comprehension or understanding of
the observed action. It is, however, not yet clear whether this mechanism is already established in infancy. To
explore the development of this mechanism, we presented infants of different ages with different actions
and monitored their gaze using an eye tracker. Here,
manual reaching and transporting movements were
presented, and infants were considered to comprehend
the observed actions if they shifted their gaze towards
the goal prior to the arrival of the agent’s hand (Fig.
3.5.5). Additionally, we tested infants’ reaching skills and
found a significant correlation between the production of reaching movements and their observation at

3.5.6

12 months, but not at 6 months. This indicates that understanding and production of these actions develop
in a close relationship in the second half of the first year.
Furthermore, we conclude that the development of anticipatory gaze patterns for reaching movements succeeds the development of their production.

Figure 3.5.5  Exemplary anticipatory eye movements during the contralateral (i.e., over the body midline) reaching movement; gaze arrives
at the ball before the hand does.

The development of action understanding: Dissociating predictive from
reactive gaze
Daum, M. M. 1, Gunawan, R. 1, Gredebäck, G. 2, & Prinz, W. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
2 Department of Psychology, University of Oslo, Norway
In this project, infants’ ability to discriminate expected
and unexpected outcomes of an observed action (via
looking times) was compared to their ability to predict
the outcome of an action (via anticipatory eye movements). In Experiment 1, 9-month-olds were familiarized
with an animated agent moving towards one of two
targets. During the movement, the agent briefly disappeared behind an occluder and reappeared at the side of
one of the targets (Fig. 3.5.6). In the test phase, the locations of the targets were switched. In line with previous
findings (Woodward, 1998, Cognition, 69, 1–34), infants
looked longer when the agent moved towards the new
target than when it moved towards the previously chosen old target. This suggests that they expected the agent
to act in a goal-oriented manner and ignored the path,
and that they were surprised at the agent’s unexpected
change of goal. Eye-movement patterns revealed that
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infants expected the agent to act in a location-oriented
manner (i.e., to continue to move on the old path while
ignoring the goal). In Experiment 2, task difficulty was reduced and children aged 9 to 36 months were tested.
Infants started to anticipate the reappearance of the target based on its goal at the age of 36 months. Infants
thus demonstrate an early sensitivity to the goal of an action when they evaluate observed events retrospectively.
In contrast, their ability to flexibly predict the goal of an
agent’s action develops much later. It seems that early in
life, infants’ expectations about what the goal of an agent
is, are dissociated from their predictions about where an
agent will move.
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Familiarization Phase
New Target Condition

Old Target Condition

Figure 3.5.6  Stimuli presentation during the familiarization phase (centre) and during the test phase (left, right).
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Department of Neurophysics

Physics in Neuroscience
The Department of Neurophysics was established in 2007, integrating the efforts of MRI physicists, neuroanatomists, image analysts, engineers and neuropsychologists to push forward the frontiers of neuroimaging techniques.
The Department has full use of a state-of-the-art high field 7T whole-body
MRI scanner and excellent access to the two Institute 3T scanners, a fullyequipped Zeiss anatomical microscope, and facilities for cadaver brain slicing
and staining (at the Paul Flechsig Institute, University of Leipzig). In addition, a
well-equipped electronics and RF workshop has been set up, in which novel
devices and RF coils can be built and tested.
The Department also enjoys the continuing support of the Nuclear Magnetic
Resonance Unit headed by Prof. Harald Möller, with several joint research
projects and close interaction on a daily basis.
Brain Mapping: Function and Anatomy
The main question we address is: What more can MRI methods teach us regarding the structure and function of the human brain? MRI techniques can
be easily explored with volunteer human subjects. High field strength allows
the use of very high spatial resolution, revealing details of structures less than
0.5 mm in size, and resolution of functional changes better than 1 mm. The
organization of the brain’s white matter can also be investigated with much
greater accuracy. The potential exists for a richer and more detailed scientific understanding of the association of brain function with particular brain
structures.

Mapping Brain Structures Using MRI Techniques

Until now, imaging neuroscience has relied on the quite
loose association between location in space, cortical
folding, and histological analyses of cell structure in cadaver brain, such as the Brodmann map, to find approximate answers to the important questions: What type of
neuronal territory has what type of function, and how do
brain areas work together? However, many areas of grey
matter have a distinctive appearance in high field MRI
scanning, hinting that the neural substrate for particular
brain processes can be more precisely defined. This contrast arises from the varying layer-dependent concentration of myelin within grey matter. It appears to be an attainable goal to map many of these areas, thus forming
a natural myeloarchitectonic parcellation of grey matter
for each individual. To link this parcellation with the familiar and widely used Brodmann classification requires
the creation, for the first time, of a concordance map between cyto- and myelo-architecture.
Furthermore, the dramatically improved spatial resolution achievable with 7T MRI allows much easier exploration of the changes in brain structure, such as the
thickness of grey matter that are known to occur with
repeated experience or practice, than at lower magnetic
field strengths. Such research raises interesting questions
regarding the precision of current methods for segmenting brain images into grey and white matter, which can
only be addressed properly by combined MRI with histological cadaver brain studies. We correlate high quality
structural MRI of living brain with MRI scans of cadaver
brain, which we can then compare directly with micrographic observations of myelin-stained sections of these
cadaver brains.
High field MRI also enables much more precise characterization of brain activity. Combining MRI techniques for
mapping blood oxygenation (BOLD) and cerebral blood
flow (CBF), together with calibration using a harmless respiratory challenge, can provide quite detailed metabolic
maps of cerebral oxygen extraction, proportional to the
fundamental thermodynamic measure, neuronal work.
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Technical Issues
To make the best use of these powerful capabilities requires novel MRI techniques, novel hardware, and very
careful attention to the safety of human subjects. This
safety issue becomes important at high magnetic field,
for which the MRI industry has yet to develop standard
procedures. The radio-frequency pulses used in MRI can
in principle heat the tissue. Safeguards provided by MRI
scanner manufacturers must be supplemented at high
field strength by electromagnetic field calculations providing detailed limits to safe scanner operation. Such calculations can also guide strategies for the most efficient
scanning techniques.
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4.1 High Resolution Structural and
Functional MRI
At 7T we can now rapidly localize brain function, for a
wide range of tasks, to a resolution of 0.7 mm (isotropic
voxels), using appropriate developments of EPI. These can
give a temporal resolution of about one second, limited
only by the relatively slow response of the brain’s blood
supply to changes in neuronal activity. With a wide range
of high-resolution anatomical techniques, we can then
identify the structural substrate of functionally specific
brain activity, wherever possible, on a scale of half a millimeter and below. Most of the studies described below
use our Siemens 7T MRI scanner, either with an 8 channel
transmit/receive RF coil (Rapid) or a newer single-channel transmit, 24 channel receive RF coil (Nova), which is
up to three times more sensitive.
The connections within the brain are at least as important in understanding brain function as its segregation
into functionally distinct areas. Originally developed by
Robert Turner, the technique of single-shot diffusionweighted MRI (DW-MRI) provides very useful information
regarding brain connectivity. Measurements of water diffusion in the brain using MRI can show the orientation

4.1.1

of axonal fibre bundles in white matter, and thus allow
tractography using a variety of algorithms.
We also explore diffusion in grey matter. Clustering of the
main diffusion direction from DTI data at 3T has helped
to segment the amygdala, a large region of apparently
undifferentiated grey matter. Using DW-MRI at 3T and 7T,
we are characterizing nerve fibre directions in the brain
with millimeter precision, and we are beginning to correlate their terminations with the results of functional mapping. In principle, the higher sensitivity available at 7T will
give us improved results, but further improvements in
imaging sequence design and image processing are vital.
Diffusion in brain tissue is more complicated than in pure
liquids, having at least two components. In an ongoing
collaborative project with the University of Leipzig, we
are trying to understand more about the physical basis of
this phenomenon. We use the powerful magnetic field
gradients (up to 35T/m) available with the University’s
NMR Spectrometer, together with MRI techniques and
novel analysis methods.

Isotropic submillimetre fMRI of V5 in humans at 7T
Heidemann, R. M. 1, Trampel, R. 1, Ivanov, D. 1, Fasano, F. 2,3, Pfeuffer, J. 4, & Turner, R. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
2 Fondazione Santa Lucia, Rome, Italy
3 Siemens Medical Solutions, Milan, Italy
4 Siemens Medical Solutions, Charlestown, MA, USA
The present study detected the regionally increased myelination of the visual motion area V5, also known as MT.
We used a Turbo-Spin Echo (TSE) sequence at 7T, which
gives high SNR at an isotropic resolution of 0.5 mm, providing good myelin contrast. A functional MRI experiment, using an appropriate moving star field paradigm,
was then performed with an accelerated EPI sequence
giving isotropic voxels of (1.4 mm)3 to confirm the location of V5. This was further confirmed by acquiring data
with isotropic sub-millimeter resolution of (1.0 mm)3 and
(0.7 mm)3, combining zoomed imaging with outer volume suppression (OVS) with parallel imaging (GRAPPA
method with an acceleration factor of three).
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The coronal TSE images in Fig. 4.1.1.1 and Fig. 4.1.1.2 show
reproducible layer structure in V5 (arrows) in both hemispheres. Figure 4.1.1.3 shows the moving visual stimulation activation overlaid on the TSE images of Fig. 4.1.1.2
(I-IV). The activation pattern nicely corresponds with the
region of the layer structure in the TSE images for all subjects studied. Figure 4.1.1.4 shows the mean EPI images,
with activation maps (unsmoothed) from two different
fMRI acquisitions, acquired from the same subject at approximately the same slice position. In Fig. 4.1.1.4A, it appears that with 1 mm isotropic resolution, the activated
area overlaps the adjacent vein. By comparison, the activation from the 0.7 mm isotropic resolution acquisition,

High Resolution Structural and Functional MRI

see Fig. 4.1.1.4B, is concentrated above and below the
vein, but is not seen within the vein.
Use of 7T MRI enables the mapping of myeloarchitectural
differences in grey matter in a scan time below 10 minutes. The high SNR at this field strength can be “invested”
in increased resolution for both anatomy and function.

Sub-millimeter isotropic resolution fMRI is achieved by
combining parallel and zoomed imaging. The combination of high-resolution anatomical and sub-millimeter
functional mapping should allow the study of cortical
layer-specific activation.

Figure 4.1.1.1  Coronal image of V5 obtained with TSE sequence I.

Figure 4.1.1.2  Sections of coronal images going anterior-posterior (I)(IV) along V5 obtained with TSE sequence II.

A

Figure 4.1.1.3  Activation pattern acquired with the described fMRI experiment overlaid on images obtained with TSE sequence II (going
anterior-posterior (I)-(IV) along V5.

B

Figure 4.1.1.4   Mean EPI image from two different fMRI acquisitions.
Isotropic voxel size of (1.0 mm)3 (A) and (0.7 mm)3 (B), respectively, was
used.

High resolution diffusion-weighted imaging in humans
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Heidemann, R. M. 1, Anwander, A. 1, Feiweier, T. 2, Fasano, F. 3, Pfeuffer, J. 2, Knösche, T. R. 1, & Turner, R. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
2 Siemens AG, Healthcare Sector, Erlangen, Germany
3 Fondazione Santa Lucia, Rome, Italy
Diffusion-weighted imaging (DWI), and therefore fibre
tractography, suffers from geometric distortions due to
off-resonance effects, and image blurring due to T2* decay. Both effects scale with magnetic field strength and
data acquisition window duration (i.e., image resolution).
Shortening the data acquisition window by accelerating
the image acquisition can address both problems. By

combining parallel imaging and zoomed imaging, we
achieved acceleration factors of up to seven, enabling
isotropic high resolution DWI with good image quality
for tractography at high field.
Experiments were performed on our 3T and 7T MR scanners. DWI was performed with a 32 channel (3T) and a
24 channel (7T) phased-array head coil, using a unipolar
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Stejskal-Tanner sequence. For normal head geometry, a
FOV of 200–220 mm is necessary to avoid aliasing in the
phase-encode direction. By zooming, we were able to
reduce the FOV to as little as 85 mm, corresponding to
an acceleration factor of 2.3. In addition, GRAPPA parallel
imaging, with an acceleration factor of 3, was applied to
the reduced FOV acquisition, to give a net acceleration
factor of up to 7.
At 3T, with an in-plane resolution of 1 mm, it is possible
to measure anisotropy in vivo in human cortex. The anisotropic diffusion orientation visualized is normal to the
folded cortical surface in all the gyri measured. The total
acquisition time of this DWI study with 6 directions was
12 minutes.

In Fig. 4.1.2.1, the main eigenvector of the diffusion data
is shown in an axial slice overlaid on the colour-coded FA
weighted image. Figure 4.1.2.2 shows a view of the brain
from above, with colour-coded FA values.
At 7T, we obtained 60 direction DW images with an isotropic resolution of 1.4 mm in the frontal lobe, with minimal distortions. This area is hard to image well, due to
magnetic field variations produced by the air-filled frontal sinuses. Our total acquisition time was 18 minutes.
As can be seen in Fig. 4.1.2.3, the DW images and the texture diffusion results fit neatly with the anatomy. The tensor data can be used for tractography to give detailed
fibre tracts, as shown in Fig. 4.1.2.4.

radial
anisotropy

Figure 4.1.2.1  Axial slice of the principal diffusion directions overlaid on
the colour-coded FA map. The inset shows the radial anisotropy in the
cortex of the left inferior frontal gyrus.

Figure 4.1.2.3  Anatomical (top), trace-weighted (middle), and texture
diffusion images (bottom).

central radial
sulcus anisotropy
Figure 4.1.2.2  View of the brain from above with colour-coded FA values. The green stripe anterior to the central sulcus is the motor cortex
showing anterior-posterior anisotropy.

Figure 4.1.2.4  Tractography showing some major fibre bundles in the
inferior frontal lobe.
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MRI parameter mapping of human post-mortem brain at 7T

4.1.3

Trampel, R. 1, Geyer, S. 1, Schönknecht, P. 2, Löffler, S. 3, Hegerl, U. 2, & Turner, R. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
2 Department of Psychiatry, University Hospital Leipzig, Germany
3 Department of Anatomy, University Hospital Leipzig, Germany
MR scanning of post-mortem tissue can be followed by
subsequent detailed micrographic examination of suitably stained sections, enabling the correlation of MRI
and histology. However, decomposition of the tissue and
chemical fixation cause changes in MRI parameters, such
as T1 and T2, which depend on the duration of fixation and
the chemicals chosen.
In this illustrative 7T study, high resolution T2* maps and
T1-weighted images were acquired of one human postmortem brain (female, 63 years, post-mortem delay 36 h)
fixed in formalin for 10 days. Our 8 channel phased array
RF head coil was used. High resolution T1-weighted im-

ages were acquired using a 3D-MPRAGE sequence (voxel
size 0.4 × 0.4 × 0.5 mm³). The T2* map was obtained with a
3D-FLASH sequence (voxel size 0.4 × 0.4 × 0.4 mm³) with
four different echo times (4, 10, 17, 24 ms).
Figure 4.1.3.1 shows a high resolution T1-weighted image. The effect of the advancing “fixation front” can be
seen as a concentric ring of abrupt contrast change. In
Fig. 4.1.3.2, a coronal section of the T2* map is shown. The
T2* values for white and grey matter are approximately
10–15 ms and 15–20 ms, respectively. The stria of Gennari
can easily be seen in Fig. 4.1.3.2.

Figure 4.1.3.1   T1-weighted image acquired using a 3D-MPRAGE sequence.

Figure 4.1.3.2  T2* map of a coronal section of a human post-mortem
brain.

Orientation dependence of grey/white matter contrast in ultra high fields

4.1.4

Schäfer, A. 1, Bowtell, R. 2, & Turner, R. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
2 Sir Peter Mansfield Magnetic Resonance Centre, University of Nottingham, United Kingdom
High resolution T2*-weighted images of white matter acquired at ultra high field show much more heterogeneity than at lower field. Phase MR images show still higher
contrast between different tissue compartments. We
used phase images at 7T to study the orientation dependence of GM/WM contrast. 18 axial slices were acquired

using a 2D GE sequence for two head positions relative to
the B0 field: supine (Fig. 4.1.4A) and hyper-extended (Fig.
4.1.4G). The slices were repositioned to cover the same
area of the head.
Furthermore, we evaluated field perturbations due to
a susceptibility distribution (χ(r); taken from the HUGO
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body model) by inverse 3D Fourier transformation of
B0Χ(k)(1/3-cos2β) where Χ(k) is the 3DFT of χ(r) and β is
the angle between k and the kz -axis.
All images show a dependence on the orientation, with
a greater change in GM/WM contrast noticeable in the

phase images. GM/WM boundaries also appear sharper
in the phase images acquired with the orientation where
slices are perpendicular to the main magnetic field (arrow). The same orientation effect appears in the simulated data.
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Figure 4.1.4  The modulus (B, D) and phase image (C, E) acquired at the supine position (A) and the modulus (H, J) and phase image (I, K) at the
hyper-extended position (G). The calculated field shift of the HUGO model with the same orientations to the main magnetic field as the measured
data.

4.1.5

Do congenitally blind people have a stria of Gennari? First in vivo insights
on a subcortical level
Trampel, R. 1, Ott, D. V. M. 1,2, & Turner, R. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
2 Department of Neurology, University Hospital Leipzig, Germany
It is important to establish some correspondence between the functional organization of the neocortex and
its microstructure. Use of very high resolution MRI at 7T
enables the reliable observation of cortical layer structures in vivo, which correspond to details seen in cadaver brain sections that have been stained for myelin. The
most easily visualized of these structures is the stria of
Gennari, a layer of densely myelinated axons in layer 4C of
the primary visual cortex V1. MRI studies have identified
the stria of Gennari in vivo using T1, T2, T2* or phase contrast. However, the developmental origin and function of
the Gennari stripe are not yet well understood. In order to
shed some light on this question, we used 7T MRI to scan
congenitally blind people, who have never experienced
any visual sensation. If the stria of Gennari develops as
a result of visual input, like much of the organization of
visual cortex, congenitally blind subjects should lack this
structure. On the other hand, if the Gennari stripe can be
reliably detected in these subjects, it must not require visual input to develop. For comparison, we scanned sighted subjects using the same experimental parameters.
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All experiments were performed on our 7T whole-body
MR scanner using the 24-channel phased array Nova RF
head coil. The study was approved by the ethics committee of the local university and informed consent was
obtained. 13 congenitally blind subjects (7 female, 21–70
years, 46 years mean) and 15 sighted controls (8 female,
20–31 years, 25 years mean) were included in the study.
For positioning of the high resolution sequences, a 3D
whole brain data set was acquired using an MP-RAGE sequence and isotropic voxels of (0.8 mm)³. Subsequently,
30 slices were scanned, where possible orthogonal to the
calcarine sulcus, using a Turbo Spin-Echo sequence, with
TE = 27 ms and isotropic voxels of (0.5 mm)³. Because
the blind subjects were naïve to MRI, scan time was kept
as short as possible. When possible, a second set of images was acquired using a different TSE protocol (TR =
3.1 – 5.1 s; TE = 40 ms; BW = 40 Hz/Px; other parameters
equal). For quantitative comparison between blind and
sighted subjects, several signal intensity profiles were determined across the stria of Gennari at positions where
the slice orientation was approximately perpendicular
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to the calcarine sulcus. The profiles for the blind and the
sighted subjects were respectively averaged across subjects. Both profiles were normalized to the signal value of
the grey matter on either side of the stria of Gennari. The
procedure was separately repeated for the two different
imaging protocols.
Figure 4.1.5.1 shows enlarged sections of the calcarine
sulcus demonstrating the stria of Gennari in 3 congenitally blind subjects (Fig. 4.1.5.1A-C) and 3 sighted subjects
(Fig. 4.1.5.1D-F). The main reason for image quality variation was subject motion, which can affect the visibility
of the stria of Gennari. However, this feature could be
reliably identified by visual inspection in all 15 sighted
controls and in 11 of the 13 blind subjects. The remaining
two blind subjects moved too much and were excluded
from further analysis. Quantitative profile-based analysis
showed a range of profiles of the primary visual cortex,
varying within and across subjects. Figure 4.1.5.2A shows
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the average profiles obtained with the first TSE protocol.
The differences between the mean of grey matter image intensity within each profile and the Gennari stripe
intensity for congenitally blind and sighted controls, respectively, are shown in Fig. 4.1.5.2B. The asterisk denotes
statistical significance (p < 0.05). The difference of the
Gennari stripes between both groups did not reach statistical significance (p = 0.5).
Many earlier fMRI studies have investigated the functional organization of primary visual cortex and a few MRI
studies have examined its structure in congenitally blind
subjects in vivo. Here we demonstrate for the first time
that congenitally blind people possess a stria of Gennari
which is very similar in appearance in TSE scans to that of
sighted controls. This strongly suggests that the Gennari
stripe does not form as a result of visual input, nor does
it degenerate because of a lack of visual input. Studies
of Braille reading in blind subjects show that V1 plays a
necessary role in this extreme test of
haptic discrimination, and perhaps it
retains its structure in blind subjects
because it is put to many other such
uses.

Figure 4.1.5.1. Visualization of the stria of
Gennari (arrows) in 3 blind (A-C) and 3 sighted (D-F) subjects.
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Figure 4.1.5.2. (A) Cortical profiles for congenitally blind (red/dashed) and sighted controls (blue/solid). (B) Signal differences in and between both
groups.
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4.1.6

Imaging at 7T reveals septated fine structure in the human corpus callosum
Wiggins, C. 1, Schäfer, A. 2, Dhital, B. 2, Le Bihan, D. 1, & Turner, R. 2
1 CEA NeuroSpin, Gif-sur-Yvette, France
2 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
The corpus callosum (CC) is a unique and heavily myelinated white matter structure that connects the left and
right hemispheres in all vertebrate brains. It is well known
from dissection, histological staining and diffusion MRI
that the predominant fibre orientation is transverse.
Recent studies of adult primate brain have discussed only
gross distinctions along the anterior-posterior axis, between segments of the CC projecting to different cortical
areas areas. We have discovered a much finer modularity, a form of septation, using high resolution anatomical
imaging and DTI. This corresponds to a feature shown in
old anatomy textbooks and reported in histological studies of human fetal brain, but hitherto unobserved in MR
images of human brain.
Four healthy subjects who gave informed consent were
examined on our 7T scanner with 3D FLASH (0.5 mm isotropic voxels) using the 24 element phased-array Nova RF
coil. DTI scans were performed on our 3T Siemens scanner with using the 32 channel phased-array RF coil, with
a voxel resolution of 1.5 mm isotropic, 60 gradient directions, b = 1000 s/mm2 and a GRAPPA factor of 2. Diffusion
tensors were then computed without further post-processing.
The structural images reveal that the corpus callosum is
not a homogeneous white matter body but has ‘stripes’
across it (Fig. 4.1.6.1). In the axial view (Fig. 4.1.6.1, top)
these stripes extend left to right along the axonal direction, whereas in the sagittal view they span the CC,
running perpendicular to its dorsal and ventral surfaces
(Fig. 4.1.6.1, bottom). No such stripes can be found in the
coronal view (not shown). This is best explained as arising
from quasi-two-dimensional planar structures forming
septa that separate planes of axons passing transversely
across the CC.
The DTI image of the same subject shows that the second eigenvector of the diffusion tensor in CC is consistently aligned dorso-ventrally (Fig. 4.1.6.2). There is
a strong bias for the water molecules to diffuse along
these septa rather than across them. This bias is most
likely to arise from tissue water within oriented structures
other than the bundles of cylindrically symmetric axons
that traverse the CC.
These investigations in vivo with high resolution structural MRI show septated modular structure in adult
CC that is visible in good anatomy textbooks, such as
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Figure 4.1.6.1 Axial (top) and sagittal (bottom) images acquired using
3D FLASH. Stripes (arrows) can be seen across the callosal body.
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Figure 4.1.6.2 (A) Colour-coded map of the 2nd (left) and 3rd (right) eigenvectors. Blue -> Dorsal-ventral, Green -> Anterior Posterior. (B)
Sagittal view showing the 2nd eigenvector with direction overlaid on
b0 image. The vectors run perpendicular to the superior and inferior
surfaces of the corpus callosum.

In Vivo Studies of Amygdala Anatomy

“Grey’s Anatomy”, but has been ignored in recent literature. Histological examination of fetal brain shows similar
structure. This structure is claimed to fade with later development, but histological studies of adult CC are absent from the literature. DTI confirms that a second preferred direction for water diffusion can be found that is
consistent with this septation. Our data further suggest

that water in compartments other than axonal fibers
makes an important contribution to DTI data in this region of white matter. The implications for more detailed
homologies of grey matter in each hemisphere remain
to be explored.

In Vivo Studies of Amygdala Anatomy
The amygdala plays an important role in cognition. A
more precise understanding of its internal structure and
connectivity is highly desirable for individual human subjects in vivo. Cytoarchitectural research in human cadaver
and animal brains reveals multiple subdivisions and connectivity patterns, probably related to different functions.
With standard MRI techniques, however, the amygdala

4.2

appears as an undifferentiated area of grey matter. The
challenge of novel MRI techniques, including use of the
high sensitivity of 7T MRI, is to generate consistent maps
of internal structure within the amygdala, and to relate
these with the subdivisions known from cadaver brain.

DTI parcellation of the amygdala

4.2.1

Solano-Castiella, E. 1, Anwander, A. 1, Geyer, S. 1, Lohmann, G. 1, Friederici, A. D. 1, & Turner, R. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
This study demonstrated parcellation of the amygdala
using DTI data obtained in vivo, a useful advance in regard to functional imaging of emotion-related tasks.
DTI scanning of 15 subjects was performed at 1.7 mm
isotropic resolution with our 3T Magnetom Trio scanner
equipped with an 8 channel head array coil. The brain
images were co-registered into MNI space and to T1
anatomy for group analysis. Amygdala delineation was
performed manually, because automated methods still
do not give consistent results. A spectral clustering algorithm utilizing the angular distance between the major
eigenvectors in each voxel within the amygdala mask

was applied to the DTI data. The Cramer’s V value was
calculated to assess the appropriate number of clusters.
Probability maps for each cluster were constructed as a
form of average.
Two clusters were consistently found across all subjects
with regard to localization and also fibre orientation. This
should assist identification of the human amygdaloid
nuclei in vivo. While fractional anisotropy is quite low in
this region, there is still enough information to provide
this reliable structural detail.
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Figure 4.2.1  Spectral clustering of amygdala resulting from data averaged across 15 subjects.
The two main areas are superimposed on a single subject’s T1-weighted image: medial region
(red) and lateral region (blue). On the right side,
an MR section shows the averaged DTI data
with the vectors superimposed. Colour-coding
here represents orientation. White boundaries
correspond to the clusters found automatically from the averaged DTI data (left side).
Coordinates are in Talairach space.
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4.2.2

Structural MRI parcellation of the amygdala
Solano-Castiella, E. 1, Lohmann, G. 1, Trampel, R. 1, Schäfer, A. 1, & Turner, R. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
Amygdaloid subregions can also be discriminated by
means of standard structural MRI techniques, using the
higher sensitivity available at 7T and combining different
MRI contrasts.
We performed structural scans (MP-RAGE, whole brain,
and FLASH and TSE, both 30 slices) on 9 healthy subjects.
To assess replicability of the results, sequences were repeated at each session and subjects were scanned twice.
Acquisition time was 40 minutes for each session.
Correlations of voxels within the amygdala between all
acquisitions were computed. An amygdala mask was
manually created for each subject, using known landmarks to exclude extraneous tissue. Spectral clustering
was applied, based on multivariate feature vectors (GRE,

A

TSE) (Fig. 4.2.2.1). To assess consistency, we compared
clustering results on each subject using Cramer’s V, which
has values in the interval [0,1]. This was applied within
each session, and across scanning sessions which took
place one week apart. 6 out of the 9 subjects showed
values higher than V = 0.50 across weeks when 3 clusters
were chosen. The remaining subjects had higher consistency when 5 clusters were applied.
Amygdaloid subregions have been previously examined
in animal studies and human cadaver brain, with reports
of several nuclei. This study shows in vivo reproducible
heterogeneity within the amygdala (Fig. 4.2.2.2) which
might correspond to several subdivisions.
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Figure 4.2.2.1   Amygdala spectral clustering
based on the grey values of two contrasts
(TSE, GRE). Individual dataset. T2-weighted
coronal sections. (A-B) The left side of the figure presents a 2D histogram. This represents
all voxels comprised in the amygdala in relation with the grey values scale of all contrasts.
Results of spectral clustering are shown on the
right side. (A) Constitutes the clustering results
from the first week acquisition. Groups found
are based on both sequences. (B) Illustrates
the second week clustering.
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Figure 4.2.2.2   False colour images of the amygdala superimposed
on a T2-weighted contrast. One subject coronal section. Images are
zoomed at the left temporal lobe. Voxel size is (1 mm)³ resolution. (AB) Two different acquisitions on single session. The false colour image
represents the weight of each sequence contribution to the resultant
contrast. After contrast enhancement, TSE was assigned to the red colour channel, GRE to the green, and MP-RAGE was labelled in blue.
Figures evidence tissue heterogeneity within the amygdala. The features variability similar in both captions yields consistency between
measurements.

Image Analysis Tools

Image Analysis Tools
Analysis and interpretation of structural MRI data
Image analysis is fundamental to extracting information
about brain structure from MRI data. To obtain a better
understanding of its fine structure, the cortex must be
segmented from other brain tissues. Because brain MRI
contrast is mainly determined by myelin content, which
can be quite large even in grey matter, segmentation is
a nontrivial problem. Commonly used methods such as
those implemented in the analysis packages SPM and
FSL are known to encounter difficulties in some regions,
notably primary motor cortex, where pyramidal cell axons are normally heavily myelinated within the cortex.
We are seeking to address this problem by comparing
myelin-stained sections of cadaver brain with MRI data.
Once the cortex is segmented and represented in a surface-based model, a primary goal is to subdivide it into
different areas based on very high-resolution MRI data
acquired on our 7T scanner with various image contrasts.

4.3
Analysis and interpretation of functional MRI data
Functional MRI is mainly used to localize task-specific
brain areas. However, such maps do not easily reveal interdependencies between these areas. Current methods explain only about 10 percent of the overall signal variance,
so we are developing functional connectivity techniques
that could account for some of the remaining 90 percent.
We also wish to better understand human sulcal patterning. The folding pattern of the cerebral cortex and its relation to functional areas is notoriously variable. Mapping
of structure to function would be greatly helped if 3D
topographical cortical features that bear a consistent relationship to functional areas could be identified. Our earlier work suggests that this might apply to the deepest
parts of the sulcal fundi, a topic which we aim to explore
further.
A prerequisite for all of the above research is a high-precision geometric alignment between data sets of different
types.

Cortical profiling and deformable mesh representations of human brain

4.3.1

Weiss, M. 1, Lohmann, G. 1, Scheuermann, G. 2, & Turner, R. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
2 Institute of Computer Science, University of Leipzig, Germany
Representation of the cerebral cortex using polygonal
surfaces is now well established, but only as a tool in the
analysis of gross sulcal and gyral morphology, and cortical thickness variations. Ultra high field MRI data reveals
intra-cortical detail, and thus requires an enriched struc-

tural model of grey matter in order to fully explore these
new data. We have therefore developed methods for
the simultaneous reconstruction of cortical surfaces and
three-dimensional cortical profiles. From T1-weighted images of 1 mm isotropic resolution, we can now extract

Figure 4.3.1.1  GM/WM boundary mesh with cortical profiles

Figure 4.3.1.2  Zoomed view, with a higher density of profiles
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both cortical surfaces with sub-voxel accuracy using a
topology-preserving gradient vector flow guided levelset approach. The level sets also generate naturally cur-

4.3.2

vilinear transcortical profiles that mimic grey matter columnar organization.

Segmentation of human auditory cortex based on high-resolution MR
imaging at 7T
Weiss, M. 1, Abbas, Z. 1, Trampel, R. 1, & Turner, R. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
The primary auditory cortex (A1) can be identified in vivo
by means of fMRI. We used our enriched cortical surface
representation (Fig. 4.3.2.2) to segment this region using
high resolution structural MRI data.
The high myelin content of A1 shortens its longitudinal
relaxation time T1, as shown recently at 1.5T by Sigalovsky,
Fischl, and Melcher (2006, NeuroImage, 32, 1524–1537). At
7T we can significantly increase the resolution and CNR.
A calculated high-resolution T1 map based on 0.5 mm

isotropic voxel inversion recovery data was used as input
data for A1 parcellation. Our 3D transcortical profiles were
used to project the mean T1 value onto the GM/WM surface. Only the middle 50 % of each profile was used to
avoid the influence of possible misalignment.
Our approach reveals compact regions of decreased
T1 within the Heschl’s gyri, indicative of A1 cortex. This
methodology is likely to allow parcellation of other cortical areas.
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Figure 4.3.2.1  Coronal view of T1 map
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Figure 4.3.2.2  T1 values projected onto GM/WM surface

Eigenvector centrality in resting state fMRI data is modulated by state of
hunger
Lohmann, G. 1, Margulies, D. 1, Horstmann, A. 1, Lepsien, J. 1, Villringer, A. 1, & Turner, R. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
We explore network analysis methods for analyzing fMRI
data of the human brain. In particular, we used ‘eigenvector centrality’, an algorithm which has not previously
been applied to fMRI data but is well known, partly because Google’s PageRank algorithm is a variant of it. The
algorithm ranks network nodes based on their importance within the network. We explored the difference in
eigenvector centrality during two brain states: hunger
and satiety. Thirteen subjects were asked to attend two
scanning sessions, in one of which they were asked to
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refrain from eating after 6pm the previous day. During
both sessions, we first acquired resting state data for 6.5
minutes during which subjects were asked to fixate a fixation point. During the following 34 minutes, they were
shown pictures of food and tools to which they were
asked to respond by button presses. Finally, another 6.5
minutes of resting state data were acquired. Comparison
of eigenvector centrality showed marked differences between intrinsic resting state activity during state-induced
changes, such as hunger or exposure to visual stimuli.

Image Analysis Tools

Image restoration of 7T magnetic resonance images

4.3.4

Lohmann, G. 1, Bohn, S. 2, Müller, K. 1, Trampel, R. 1, & Turner, R. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
2 Innovation Center Computer Assisted Surgery (ICCAS), University of Leipzig, Germany
A good spatial resolution is essential for high precision
segmentations of small structures in magnetic resonance
images. However, any increase in the spatial resolution
results in a decrease of the signal-to-noise ratio (SNR).
Here, we explore the limits of spatial resolution on a 7T
MRI scanner by acquiring very high-resolution measure-

ments with a predictably poor SNR. We propose a new
image restoration/denoising technique based on a combination of Wiener wavelet filtering and speckle reducing
anisotropic diffusion for denoising and compensating for
the loss in SNR. The method was applied to magnetic
resonance imaging data acquired on our 7T MRI scanner
(Siemens Investigational Device 7T), and compared with
averaged multiple measurements of the same subject.
The 3-average showed the closest match to the cleaned
image, suggesting that this method produces results
comparable to a three-fold average. We envisage the
main area of application of our method is as a preprocessing step for high-precision segmentations.

Figure 4.3.4  MRI data at 7 Tesla using a FLASH sequence. A single measurement with a spatial resolution of 0.215 × 0.215 × 2 mm3 (left); the
result after noise cleaning (middle); and an average of three measurements (right).

Setting the frame: The human brain activates a basic low-frequency
network for language processing

4.3.5

Lohmann, G.1, Hoehl, S.1,2, Brauer, J.1, Danielmeier, C.3, Bornkessel-Schlesewsky, I.1,4, Bahlmann, J.1, Turner, R.1, & Friederici, A. D.1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
2 Department of Psychology, Ruprecht Karl University Heidelberg, Germany
3 Max Planck Institute for Neurological Research, Cologne, Germany
4 Department of Germanic Linguistics, University of Marburg, Germany
Low frequency fluctuations (LFFs) are a major source of
variation in fMRI data. This has been established in numerous experiments – particularly in the resting state.
Here, we investigate LFFs in a task-dependent setting.
We hypothesized that LFFs may contain information
about cognitive networks that are specific to the overall task domain without being time-locked to stimulus
onsets. We analysed data of six fMRI experiments, four
of which were from the language domain. After regressing out specifics of the experimental design and lowpass
filtering (< 0.1 Hz), we found that the four language experiments produced a correlational pattern that was not

present in the two non-language studies. Specifically, a
region in the posterior part of the left superior temporal sulcus/gyrus was consistently correlated with both
the left BA 44 and the left frontal operculum in all four
language studies, while this correlation was not found
in the two other experiments. This finding indicates the
existence of a basic network that acts as a general framework for language processing. In contrast to networks
obtained by a conventional conjunction analysis of activation maps, this network is independent of experimental specifics such as stimulus onsets, and exists in the low
frequency range.
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4.3.6

Bayesian fMRI analysis
Rudert, T. 1, & Lohmann, G. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
In this work, we extend Bayesian methods to support
the full range of propositional logic to fMRI data analysis.
Previously known methods in fMRI were limited to conjunctions but did not include disjunction or implication.  
Here, we propose two algorithms. The first algorithm is
designed for first-level data analysis and makes use of the
general linear model (GLM), which is commonly applied
to estimate unknown regression parameters. The algorithm determines the probability of conjunction, disjunc-

4.3.7

tion, implication, or any other arbitrary logical expression
over different effects or contrasts obtained from the GLM.
For second-level inferences, we describe another algorithm which utilizes posterior probability maps (PPMs)
from individual sessions or subjects. These PPMs can be
combined to form a logical expression whose probability
can be computed. We applied our methods to data from
a STROOP experiment, and compared them to conjunction analysis approaches for test-statistics.

Functional connectivity during propofol-induced unconsciousness
Lohmann, G. 1, Schroeter, M. L. 1,2, Schwarzbauer, C. 3,4, Margulies, D. 1, & Heinke, W. 5
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
2 Clinic of Cognitive Neurology, University of Leipzig, Germany
3 Medical Research Council, Cognition and Brain Sciences Unit and Department of Psychiatry, University of
Cambridge, United Kingdom
4 Aberdeen Biomedical Imaging Centre, University of Aberdeen, United Kingdom
5 Department of Anaesthesiology and Intensive Medicine, University of Leipzig, Germany
We performed a comparison of functional correlations
within a network of human brain areas before and during propofol-induced unconsciousness in a functional
magnetic resonance study with 12 normal human volunteers. We focused on functional connectivity in a network of brain regions previously associated with mental
self or self-projection, episodic memory processes and
consciousness. The experiment consisted of three blocks
lasting 10 minutes each. During block 1, subjects were
awake and responsive. During block 2, propofol was administered to achieve a transition from wakefulness to
unconsciousness. In block 3, anesthesia was maintained.

4.3.8

We compared functional connectivities during the first
and the last block of the experiment in six manually defined regions of interest, namely precuneus, retrosplenial
cortex, temporoparietal junction, thalamus, hippocampus, and the anterior fronto-medial cortex. We found
that during unconsciousness, functional correlations
between areas of the association cortex were largely
preserved, while thalamocortical and hippocampal correlations were significantly reduced. We conclude that
propofol may have induced amnesia while leaving other
brain functions intact.

Spectral clustering and functional connectivity analysis of low-frequency
fluctuations in fMRI data reveal a distinct separation between the superior
temporal sulcus and the superior temporal gyrus
Lohmann, G. 1, Obleser, J. 1, Friederici, A. D. 1, & Turner, R. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
Low Frequency Fluctuations (LFFs) are known to represent a large portion of the variance of the BOLD signal.
Using a data-driven clustering technique applied to LFFs,
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we investigated the spatial coherence and functional
connectivity of the upper temporal lobe and sought to
substantiate the functional distinction of gyrus and sulcus

Mapping Brain Metabolism

reported in previous work. Functional MRI/EPI data were
acquired of 17 normal volunteers on our 3T MRI scanner
(Siemens Trio) while the subjects listened to both correct
and syntactically violated German sentences that were in
an intelligible and unintelligible format. Our analysis focuses on the variance not explained by the experimental
design but contained in the residuals. We manually delineated an anatomical region of interest covering the entire STS/STG region and applied spectral clustering. We

A

B

1 > 2.3

found a distinct separation between STG and STS (Fig.
4.3.8A). Using inter-subject consistency as a criterion, we
found that 4 or 5 clusters best describe the subdivision.
A subsequent regression analysis showed that the STS is
significantly more strongly correlated than the STG with
the angular gyrus and the postcentral sulcus (Fig. 4.3.8B),
while the STG shows significantly stronger correlations
with the hippocampus and the intraparietal sulcus (Fig.
4.3.8C).

C

2.3 > 1

Figure 4.3.8

Mapping Brain Metabolism
MRI methods can now provide reasonably accurate maps
of cerebral blood flow changes due to brain activity and
respiratory challenges. The blood oxygenation level dependence (BOLD) contrast has already proven its utility in
functional brain imaging and found widespread use. Very
high field strengths benefit BOLD imaging through increased contrast, improved localization to the activation
site and possibility of high resolution acquisitions. Using a
combination of these techniques, maps of brain oxygen
consumption can be derived, providing a uniquely di-

4.4

rect quantification of how much work the brain is doing.
Only at very high field strength is this technique sensitive
enough to be useful in cognitive science. We will then
be able to decide unambiguously whether, for example,
the brain’s activity is actively inhibited in some local region, rather than merely experiencing a local decrease
in blood flow that increases blood deoxygenation. The
technique will allow the investigation of the changes in
brain function associated with learning or the progression of certain diseases.

Modelling arterial spin labeling: Is it possible to achieve sufficient inversion
efficiencies in CASL experiments at high B0 and low B1 field strengths?

4.4.1

Trampel, R. 1, Jochimsen, T. H. 1, Mildner, T. 1, Docherty, C. 1, Möller, H. E. 1, & Turner, R. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
In order to map oxygen extraction changes, continuous
arterial spin labeling (CASL) can be used for measuring
CBF. Because an exact estimate of the inversion efficiency α is required, we performed numerical simulations of  
CASL experiments. At high field, it is additionally desirable to minimize absorbed RF power, and hence the RF
field B1. The value of α was determined by solving the
Bloch equation using the hard-pulse approximation.
Simulations were performed at B0 = 7T, 3T, and 1.5T with
appropriate values of T1  and T2.

We show that the field strength B0 and the resulting T1
and T2 relaxation should be considered in estimating α.
However, for all B0 field strengths, a B1 field and a gradient resulting in an adiabaticity factor of 3.5 are optimal.
Low values of B1, as desired at 7T, can still invert the spins
efficiently enough, provided that a correspondingly low
gradient is applied (see Fig. 4.4.1).
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Figure 4.4.1   Dependence of α on the gradient strength. A B0 field
strength of 7T, a mean blood flow velocity of 20 cm/s, and B1 fields of
1.2 (ο) and 0.6 (+) μT were assumed.
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Fat suppression with low SAR for SE EPI at 7T
Ivanov, D. 1, Schäfer, A. 1, Streicher, M. 1, Trampel, R. 1, & Turner, R. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
Mapping of CMRO2 changes with MRI requires simultaneous measurement of CBF and BOLD changes. CBF
measurements are best performed using short TE spinecho EPI (SE EPI), which also (with longer echo time) gives
better spatial localization for BOLD signal. However, the
increased SAR caused by the additional refocusing pulse
significantly limits the volume coverage per unit time at
7T. SE EPI used for brain imaging also requires fat suppression, traditionally achieved by additional RF pulses,
which further aggravate the SAR problem.
We devised a method of suppressing the fat signal and
simultaneously decreasing the RF power deposition by
using different RF pulse durations and slice selection gradients during excitation and refocusing. Figure 4.4.2.1
shows that with a suitable choice of the refocusing pulse
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parameters, the water protons excited are refocused
while the fat ones are not so that the latter do not contribute to the image.
Figure 4.4.2.2 shows SE EPI human head images acquired
at the same slice position, with 3 mm isotropic resolution
and identical acquisition parameters. A) Standard vendor
settings, no fat artifact, high SAR. B) Fat saturation pulse
omitted, clearly showing scalp fat signal, displaced by its
chemical shift. C) Lengthened refocusing pulse (6.4 ms)
giving complete fat suppression with no loss of image
quality, with 2.56 ms excitation pulse. D) Added standard
fat saturation pulse, giving no further improvement. This
fat suppression method is also useful in high field DTI.
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RF Hardware Simulations
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Figure 4.4.2.2
(A) 3.84/2.56 ms excitation/refocusing pulse, fat saturation pulse, 100 % SAR
(B) 3.84/2.56 ms excitation/refocusing pulse, no fat saturation pulse, 90 % SAR
(C) 2.56/6.40 ms excitation/refocusing pulse, no fat saturation pulse, 50 % SAR
(D) 2.56/6.40 ms excitation/refocusing pulse, fat saturation pulse, 63 % SAR

RF Hardware Simulations
Human MRI studies conducted at high magnetic fields
(7T and above) operate in the regime where the wavelength of radio frequency (RF) fields inside an object is
smaller than the object itself. Here the electrical (E) and
magnetic (B1) components of the RF fields, as well as the
specific energy absorption ratio (SAR) profiles in the object imaged (e.g., human head or body) are highly complex and spatially non-uniform. Reliable estimation of
SAR values is very important. A lack of detailed knowledge is a major reason for overly conservative RF power
limits provided by equipment manufacturers. It is impossible to measure SAR in vivo, but reliable SAR values can
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be easily obtained from estimated E field data. Therefore,
numerical simulation is a very important component of
MRI coil design and analysis, and safe control of SAR. The
design of MRI coils entails fully 3-dimensional near-field
simulation. Our main goal is to generate uniform B1 fields
while simultaneously reducing SAR. We can reduce RF
non-uniformity by using dedicated MRI coil design approaches. These include distribution of capacitors, optimization of individual RF coil elements, and installation
of multi-element arrays of transmit coils.

Performance optimization of a multi-channel transmit coil with significant
coupling between elements

4.5.1

Kozlov, M. 1, & Turner, R. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
We investigated all losses of a commercially available
multi-channel coil and the influence of coil tuning strategy on coil performance.
All simulation data were found to be almost equal to
the corresponding measured data for the RF coil. This
was true both for vendor-provided and a tested alternative tuning. By re-tuning the coil, it is possible to reduce
coil reflected power from more than 43 % of transmitted

power to less than 11 %, with simultaneous increases of
as much as 33 % for the average RF magnetic field within
the brain volume. This numerical prediction was demonstrated by experimental RF magnetic field mapping of a
re-tuned coil.
The single-element reflected power data do not reveal
the important frequency splitting that occurs in a multichannel coil. The performance of such a coil would be
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considerably improved if the coil could be tuned to minimize total reflected power. If the capacitance values obtained by simulation and actual trim tuning procedures
are found to be equal, the close agreement between

4.5.2

simulated and measured data is only limited by uncertainties in the geometrical and electrical properties provided by manufacturers for the MRI scanner hardware
and the RF coil.

Transient thermal simulation based on 3-D EM frequency domain data for a
7T multi-channel coil
Kozlov, M. 1, & Turner, R. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
It is vital to validate specific absorption rate (SAR) estimates obtained from 3-D EM simulations. Temperature
change versus time, measurable using MRI for SAR estimation in a phantom, depends not only on power loss
density (PLD), but also on the thermal conductivity and
thermal radiation losses. We investigated conditions in
which SAR estimation using the thermal profile can provide reasonable accuracy.
A simulation of two cycles, each consisting of a 400W
heating stage for 100 seconds, followed by 100 seconds of thermal mapping, was performed with the aid
of Ansoft HFSS and ePhysics software. Figures 4.5.2.1 and
4.5.2.2 reveal that the thermal profile at the 360 second
time point is similar to the PLD profile. Detailed analysis of
temperatures at different locations showed that the thermal profile change during the thermal mapping stage
is smallest for areas where the PLD is close to maximum
(change less than 2 %). By contrast, areas with a relatively
low PLD have temperature changes as large as 100 %.

4.5.3

However, as the dominant heating sources are regions
with maximum PLD, safety can be reliably assessed with
this technique.

Figure 4.5.2.1  Power loss density

Figure 4.5.2.2  Thermal profile at
time step 360 s

Effects of air susceptibility on MR thermometry
Streicher, M. 1, Schäfer, A. 1, Ivanov, D. 1, & Turner, R. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
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The high quality electromagnetic simulations we perform to assess RF coil performance and SAR require experimental validation. This can be done by MR thermometry applying the proton resonance frequency (PRF)
method, which should significantly increase in accuracy
with increasing field strength.
To confirm and assess the accuracy of the method, we
heated a spherical gel phantom with hot air from room
temperature to about 50 °C (see Fig. 4.5.3). The measured
temperature using phase images (voxel size: 2×2×2 mm3)
shows less than 0.1 °C scatter, and above 23 °C, the optically measured temperature and phase temperature
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agree within 0.3 °C. We found that the initial discrepancy
of 1.6 °C is explained by the susceptibility change of the
heating air surrounding the phantom (χair(22°C) ≈ 3.6×10-7;
χair(63°C) ≈ 2.8×10-7, in SI units), showing that the method

is so sensitive that even the susceptibility change of the
air has a strong effect and must be considered.

A reliable method for calculating RF coil performance

4.5.4

Kozlov, M. 1, Leuze, C. 1,2, & Turner, R. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
2 National Institute for Radiological Sciences, Chiba, Japan
Experimental confirmation of coil performance simulations should be performed with well-characterized and
relatively realistic phantoms. We simulated the electromagnetic field of the Rapid 8 channel coil including all
construction details, actual dimensions, and electrical
material properties. The shape of the phantom was obtained using a 3D TurboFLASH MRI scan, using MatLab
code for segmentation. The phantom EM properties
were measured using the reflection technique with an
Agilent network analyzer, HB8510. The magnitude of B1+
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was mapped experimentally by applying rectangular RF
pulses, using Insko’s double angle method. Figure 4.5.4.2
shows the comparison for a realistic phantom, a plastic
model of a human skull filled with gel of appropriate EM
properties.
The results show that precise predictions of coil performance are achievable by numerical simulation in any
complex configuration when geometry, electromagnetic properties, and RF losses are taken fully into account.

10%
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Figure 4.5.4.1  B1+map of a transverse slice of a bottle filled with a saline solution. Left: Simulation. Middle: Experiment. Right: Relative difference between Simulation and Experiment.

10%

0%

Figure 4.5.4.2  B1+map of a coronal slice of a skull filled with gel. Left:
Simulation. Middle: Experiment. Right: Relative difference between
Simulation and Experiment.

Neuroanatomy
One of the major research goals of the Neuroanatomy
Group is to unravel the microstructural basis for the high
field (7T) MR contrast. To this end, we cross-validate the
MR scans with “classical” anatomical techniques: We scan
fixed or unfixed human post-mortem brains or the brains
of laboratory animals with MRI. After scanning, the brains
are embedded in paraffin and sectioned with a conventional microtome, or they are cryoprotected, frozen, and
sectioned with a freezing microtome. We then study

4.6
various microstructural aspects of the tissue (e.g., cytoarchitecture with the “classical” Nissl stain – or variations
thereof – or myeloarchitecture with myelin stains). Since
high field MR scans are obtained from the same brains
beforehand, we can directly correlate and cross-validate
MR anatomy and histological anatomy.
Not only cytoarchitecture or myeloarchitecture, but also
connectivity profiles structurally and functionally characterize cortical areas. Diffusion-weighted magnetic
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resonance imaging (DWI) and probabilistic tractography
non-invasively measure such connectivity profiles in living subjects. We combine DWI with automatic clustering algorithms in order to identify cortical regions with
internally coherent but mutually distinct connectivity.

4.6.1

This non-invasive approach supplements the “classical”
invasive techniques of structurally mapping the cerebral
cortex (e.g., cytoarchitecture or myeloarchitecture), and
sheds new light on the problem of structure-function relationships in the human cortex.

Cortical connections of human inferior parietal area PF: Probabilistic
cytoarchitectonic mapping and diffusion tensor tractography show a
similar structural organization as compared to macaques
Geyer, S. 1,2, Eickhoff, S. B. 3, & Zilles, K. 2,3
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
2 C. and O. Vogt Brain Research Institute, Heinrich Heine University Düsseldorf, Germany
3 Institute of Neurosciences and Biophysics – Medicine, Research Center Jülich, Germany
The connections of the cytoarchitectonic regions of the
human inferior parietal cortex are largely unknown. Most
statements are extrapolations from tract-tracing studies
in non-human primates. Are such extrapolations valid?
To find an answer to this, we combined probabilistic cytoarchitectonic mapping and diffusion tensor (DT) tractography in humans. We wanted to investigate whether
the cortical connections of human inferior parietal area
PF are comparable to those of macaque inferior parietal
area PF (obtained with “classical” tract-tracing).
We mapped area PF with an observer-independent cytoarchitectonic technique in 10 post-mortem human
brains, spatially normalized the data to MNI152 space,
and generated a cytoarchitectonic population map of
area PF. For DT tractography, we scanned 10 right-handed males (24–44 years) with a diffusion-weighted sequence (Siemens Sonata 1.5T scanner, 1.8 mm3 isotropic
voxels, 60 directions). We processed the data with FSL 3.2
Macaque Data from
Schmahmann et al.,
Brain, 2007

CS
IPS
LF
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(FMRIB, Oxford, UK) and also registered them to MNI152
space. We defined a seed mask for those voxels where
the probability of area PF was ≥ 90 %, performed probabilistic tractography from all mask voxels with each subject, superimposed the tracts of all 10 subjects, and correlated their topography with the cortical microanatomy
(i.e., other charted cytoarchitectonic regions).
Two main tracts emanate from cytoarchitectonically
defined area PF. The first runs in a rostral direction, terminates at the inferior frontal gyrus, and overlaps with
cytoarchitectonic area 44. The second runs in a ventral
direction, terminates at the middle temporal gyrus, and
overlaps with a cytoarchitectonically as yet uncharted
region in the middle temporal gyrus and superior temporal sulcus. Local connections exist with inferior parietal
regions in the vicinity of area PF.
Tract tracing and diffusion spectrum imaging data show
that in the macaque, area PF is connected with the ventral premotor cortex, including area
F5 (thought to be homologous with
human area 44), and with the superior temporal sulcus. This good match
between the connections of area PF
in macaques and humans further
supports the concept of a similar
structural organization of the inferior parietal cortex in the two primate
species.

Figure 4.6.1   Lateral view of a macaque (left)
and human (right) brain with the two main
tracts (red) emanating from the area PF seed
region (yellow). Note good match in the parieto-frontal connections in the two primate
species.

MRI Hardware Development

MRI Hardware Development

4.7

Schulz, J. 1, & Siegert, T. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
The Department of Neurophysics is equipped with a
modern electronics laboratory. The main aim is to develop devices suitable for use in MRI scanners, that is,
completely non-magnetic, causing minimal interference
with MR imaging, and able to withstand the forces of 7T
MRI. The development process encompasses all stages
from conception to the production of prototypes which
can be used during scanning of human subjects, in accordance with the directives of German medical product
laws. A response box to measure reaction times during
visual or auditory stimulation was completed in 2008.
The major current project is an optical tracking system,

which will detect a subject’s movements and compensate for these by adjusting imaging gradients during
image acquisition. Calculation of the movement parameters from the tracking camera outputs is a complex task,
and insertion of these values into the MRI scanner’s host
computer is also a technically demanding task. We are
collaborating closely with the pioneers of this technique,
Dr. Maxim Zaitsev (Albert Ludwig University Freiburg,
Germany) and Professor Oliver Speck (Otto von Guericke
University Magdeburg, Germany), in order to achieve the
best and quickest solutions to these problems.

Investigation of the Emotional Response 4.8
to Music
Fritz, T. 1, Turner, R. 1, Friederici, A. D. 1, & Koelsch, S. 1,2
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
2 School of Psychology, University of Sussex, United Kingdom
(1) How do “music-syntactical” violations evoke emotional
responses in the listener?
An emotional response in the listener can be evoked
by “irregular” chords that occur unexpectedly in a musical progression and are judged as significantly more
unpleasant than “regular” chords. Functional MRI data
showed an involvement of the amygdala, a key-structure
in emotion processing, in the response to the irregular
chord progressions, presumably due to their perceived
negative emotional valence (Koelsch, Fritz, & Schlaug,
2008).
(2) Does music involve a dopaminergic system in a specific
window of the valence dimension?
In this study, participants listened to musical pieces of
variable valence (Fritz et al., 2009) in the scanner, and indicated their valence judgement after each stimulus. These
ratings were included as covariates in analyses investigat-

ing the brain response to increasing pleasantness. The
data suggest that the mesolimbic dopamine system (also
known as ventral tegmental dopamine system) does not
respond linearly to the whole valence spectrum, but is
engaged only for positive valence. This finding underscores the necessity to analyse specific windows of the
valence dimension and shows that music may be a valuable tool to investigate the dopaminergic system and illnesses associated with its deregulation.
(3) Are there universalities of emotional response to music
and recognition of emotional expressions in music?
To investigate universals of emotion in music, a cross-cultural study was performed with participants from a native African population (Mafa) and Western participants,
both groups being naïve to the music of the other respective culture (Fritz et al., 2009). The ability to recognize three basic emotions (happy, sad, scared/fearful)
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expressed in Western music was investigated. Results
show that the Mafas recognized happy, sad, and scared/
fearful Western music excerpts above chance, indicating
that the expression of these basic emotions in Western
music can be recognized universally. The effect of spectral manipulation of the original music on its perceived
pleasantness was also investigated in Western as well as

in Mafa listeners. The data show that both groups preferred the original Western music – and also the original
Mafa music – over their spectrally manipulated versions,
suggesting that consonance and permanent sensory dissonance universally influence the perceived pleasantness
of music.

4.9 Neuroanthropology
Dominguez-Duque, J. 1,2, Heady, P. 3, Egan, G. F. 4, Lewis, D. E. 1, & Turner, R. 2
1 Department of Anthropology, The University of Melbourne, Australia
2 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
3 Max Planck Institute for Social Anthropology, Halle (Saale), Germany
4 Howard Florey Neuroscience Institute, The University of Melbourne, Australia
Social Cognitive Neuroscience has rapidly developed as
one of the more exciting areas of cognitive neuropsychology. There is a danger, however, that its conceptual
framework has been conceived on too narrow and ethnocentric a scale to properly encompass the richness and
variety of human social and cultural action. For this reason, we have commenced a collaborative programme
that initially has the goal of clarifying the ways in which
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traditional anthropological concepts and methods of social anthropology can complement and reinforce those
of social cognitive neuroscience. It has the ultimate aim
of developing experimental methods allowing a range of
models of mental activity to be empirically tested which
is broader than the so far relatively unexamined ontology
of Western psychology.
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5.1  

Max Planck Fellow Group
“Attention and Awareness”
Our research group investigates the influence of attention and awareness on cognition and neural processing.
We deal with two major systems: visual perception and
decision-making. In visual perception, we are interested
in the automatic control of attention by external bottomup “saliency” mechanisms, top-down control of attentional processing, the interaction between feedback (i.e.,
performance awareness) and perceptual learning, and in
the automatic emotional evaluation of unattended, visually presented objects. In the field of decision-making, we
are interested in the role of awareness in determining the

5.1.1

outcome in “free choice” scenarios. This involves explicit
symmetry breaking between alternatives of equal value
in free choice tasks. Methodologically we use functional
magnetic resonance imaging and EEG in combination
with cortical flattening and multivariate decoding. This
allows a shift in perspective of non-invasive neuroscience from measuring “activation” towards the coding of
cognitive “representations” in the human brain (Haynes,
& Rees, 2006, Nat Rev Neurosci, 7, 523–534).

Multivariate decoding reveals successive computational stages of saliency
processing
Bogler, C. 1, Bode, S. 1,2,3, & Haynes, J.-D. 1,2,3,4
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
2 Bernstein Center for Computational Neuroscience, Charité University Medicine, Berlin, Germany
3 Department of Neurology, Otto von Guericke University Magdeburg, Germany
4 Graduate School of Mind and Brain, Humboldt University Berlin, Germany
It is classically assumed that salient locations from a visual scene are represented in a spatial saliency map (Itti,
& Koch, 2001, Nat Rev Neurosci, 2, 194–203). In order to
mark the most salient position in the visual field and decide where to shift the focus of attention, the saliency
map is then fed into a winner-take-all mechanism (WTA).
Candidate brain regions for the saliency map are the pulvinar, superior colliculus (SC), the frontal eye fields (FEF)
and the intraparietal sulcus (IPS). Here, we aimed to dissociate between neural representations of the saliency map
and the subsequent WTA mechanism. We used 100 images of random natural scenes (Kienzle, Franz, Schölkopf,

& Wichmann, 2009, J Vision, 9, 1–15), which were presented in a fast event-related fMRI design. During stimulation,
attention was directed to fixation using a demanding
fixation task. We calculated the saliency for each sector
of each image presented. We found that patterns of activity in extrastriate cortex and posterior intraparietal sulcus (pIPS) most closely encoded the spatial distribution
of saliency. In contrast, the most salient position (i.e., the
output of a WTA mechanism) was encoded in anterior
intraparietal sulcus (aIPS) and FEF. Our results thus confirm models that assume a sequence of stages in saliency
processing.

Max Planck Fellow Group “Attention and Awareness”

Predicting consumer decisions from neuroimaging signals: Product
evaluation does not depend on attention

5.1.2

Tusche, A. 1,2, Bode, S. 1,2,3, & Haynes, J.-D. 1,2,3,4
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
2 Bernstein Center for Computational Neuroscience, Charité University Medicine, Berlin, Germany
3 Department of Neurology, Otto von Guericke University Magdeburg, Germany
4 Graduate School of Mind and Brain, Humboldt University Berlin, Germany
It has been hotly debated to which degree explicit deliberation and attention is beneficial or even required for
choices among products (Dijksterhuis, Bos, Nordgren, &
van Baaren, 2006, Science, 311, 1005–1007; Rey, Goldstein,
& Perruchet, 2008, Psych Research, 73, 372–379). To address this issue, we conducted two experiments using
functional magnetic resonance imaging. The studies investigated whether patterns of brain activation predict
subsequent consumer choices in the absence of conscious deliberation and even without attention to products. In Experiment 1, we presented participants with
images of single cars and instructed them to actively
evaluate their attractiveness. In Experiment 2, a different
group of participants performed a demanding fixation
task while task-irrelevant cars were presented outside
the focus of attention on the back of the screen. After
the scanning sessions, participants in both experiments
were asked to state their willingness to buy each car.
Importantly, during the acquisition of neural data, partici-

pants were not informed that purchase choices regarding the cars were required later on. Multivariate pattern
classification (Haynes, & Rees, 2006, Nat Rev Neurosci, 7,
523–534) was then applied to the imaging data in order
to search for information about these choices. Activation
patterns in the medial prefrontal cortex and the insula
were found to predict consumer choices in both experiments. Importantly, the amount of information encoded
in these areas was comparably as high when products
were task-irrelevant and presented outside the focus of
attention as when products were actively evaluated. This
suggests that a prediction of consumer choices from
brain activation does not necessarily depend on attention to available products. Altogether, our findings point
to the potential of automatic, choice-related processes
in guiding economically relevant behaviour, long before
any conscious deliberation.

Tracking the unconscious generation of free decisions using EEG and ultrahigh-field fMRI

5.1.3

Bode, S. 1,2,3, Christophel, T. 2, He, A. H. 1, Soon, C. S. 1,2, Trampel, R. 1, Turner, R. 1, & Haynes, J.-D. 1,2,3,4
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
2 Bernstein Center for Computational Neuroscience, Charité University Medicine, Berlin, Germany
3 Department of Neurology, Otto von Guericke University Magdeburg, Germany
4 Graduate School of Mind and Brain, Humboldt University Berlin, Germany
A recent study by our group showed that the outcome of
free decisions can be decoded from brain activity several
seconds before reaching conscious awareness (Soon et
al., 2008). Activity patterns in anterior frontopolar cortex
(BA 10) were temporally the first to carry such intentionrelated information, thereby being a candidate region for
the generation of free decisions. In order to further corroborate these findings, we tested whether they could
be stably reproduced with different imaging approaches.
In one study, we investigated whether early information
predicting the outcome of a decision could be decoded

from EEG signals. In an extension of previous work (Libet,
Soon, Brass, Heinze, & Haynes, 1985, Behav Brain Sci, 8,
529–566; Haggard, & Eimer, 1999, Exp Brain Res, 126, 128–
133), we found that even EEG signals contain early predictive information that can be extracted using multivariate
decoding. In a second study, we repeated the task using
high-resolution imaging of frontopolar cortex with ultrahigh field fMRI at 7T (1 × 1 × 1 mm3). We demonstrated
that unconscious intentions could again be decoded
from activity patterns in the same region of frontopolar
cortex (see Fig. 5.1.3). An important future question is the
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specific format in which these predictive representations
are encoded in prefrontal cortex (PFC). One speculative
interpretation is that these discriminative patterns reflect
a partial voluming of fine-scale columnar-like organiza-

tion that is known to exist in the fine-scale anatomy of
PFC (Pucak, Levitt, Lund, & Lewis, 1996, J Comp Neurol,
376(4), 614–630).

Figure 5.1.3  Decoding of upcoming decisions from frontopolar cortex (FPC). The parameter-estimates from the FIR model were used for multivariate pattern classification. A searchlight-algorithm was implemented using a radius of 3 voxels in order to decode the outcome of the upcoming
intention. The figure displays a region in left frontopolar cortex [–23 59 –9] from which decoding was possible significantly above chance (50 %)
using a threshold of p < .05 (FDR corrected; voxel-threshold 5 voxels). FPC only showed significant decoding accuracies in the time-bins preceding the decision. The graph displays the average time-course of decoding accuracies, taken from the central voxel of the searchlight cluster that
showed the highest decoding accuracy. Error bars represent standard errors. The time-bin of the conscious intention is indicated by the red bar
and is labelled as time 0. Time-points (in seconds) preceding the conscious awareness of the intention are labelled as negative numbers (units =
seconds, relative to decision); time-points following the decision are therefore positive. One time-bin corresponds to 1.5 s. Coordinates displayed
are MNI coordinates.

5.1.4

Surface-based searchlight decoding
Chen, Y. 1,2, Heinzle, J. 2, Soon, C. S. 1, Elliot, L. 2, & Haynes, J.-D. 1,2,3,4
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
2 Bernstein Center for Computational Neuroscience, Charité University Medicine, Berlin, Germany
3 Department of Neurology, Otto von Guericke University Magdeburg, Germany
4 Graduate School of Mind and Brain, Humboldt University Berlin, Germany
Recently, multivariate decoding (Haxby et al., 2001,
Science, 293, 2425–2430; Haynes, & Rees, 2006, Nat Rev
Neurosci, 7, 523–534) has significantly extended the sen-
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sitivity of fMRI. We have been particularly interested in a
specific decoding approach that attempts to assess the
information encoded in local clusters of voxels using a
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searchlight mapping technique (Kriegeskorte, Goebel,
& Bandettini, 2006, Proc Natl Acad Sci, 103, 3863–3868;
Haynes, Sakai, Rees, Gilbert, Frith, & Passingham, 2007,
Curr Biology, 17(4), 323–328). Searchlight decoding assesses how much information can be extracted from
the local neighborhood for each voxel in the brain. By
repeating this procedure for each location in the brain,
it is possible to map the information contained in BOLD
signals patterns of each local environment of the brain.
This has a direct parallel in the heuristic assumption that
cortical modules encode information in locally distributed populations of cells (e.g., Fujita, Tanaka, Ito, & Cheng,
Nature, 1992, 26, 360, 343–346). However, the conventional 3D searchlight technique may inappropriately include voxels from different anatomical structures (e.g.,
convoluted regions across spatially contiguous cortices)
resulting in decreased reliability. Here, we developed a
novel 2D searchlight technique (see Fig. 5.1.4) based on

cortical surface automatically reconstructed from high
resolution anatomical data (Dale, Fischl, & Sereno, 1999,
NeuroImage, 9, 179–194). By constructing the searchlight
structure on the cortical surface, this new method takes
into account anatomical information and maps local information in 2D rather than in 3D, thus also restricting
the analysis to grey matter. The results of our experiment
show an increased spatial precision and higher predictive
accuracy in identifying subregions of the brain involved
in object representation. In comparison to the mapping
of object-selective regions by a conventional object localizer (Kanwisher, McDermot, & Chun, 1997, J Neurosci,
17, 4302–4311), the predictive regions highlighted by our
analysis imply that more anterior areas contain information about object identity. Importantly, the 2D searchlight also allows improved coregistration using spherical
surface-based coordinate systems (Fischl, Sereno, Tootell,
& Dale, Hum Brain Mapp, 1999, 8, 272–284).

A
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Figure 5.1.4   Surface-based searchlight decoding. (A) A mesh representation of the cortical surface with one searchlight highlighted.
Previous 3D-algorithms mapped how much information could be
decoded from a small spherical cluster of voxels in its surround for
each position in the brain. The aim of this project is to advance this
searchlight mapping technique to map the cortical surface in 2D. A key
advantage of 2D mapping is that surface-based normalization algorithms can be applied (Fischl, Sereno, Tootell, & Dale, Hum Brain Mapp,
1999, 8, 272–284). (B) Regions activated more strongly by objects (versus scrambled images) in a conventional GLM-based object localizer.
(C) Regions containing significant local pattern information regarding
the identity of objects. These regions lie anterior to those activated
by a conventional localizer, and are more selective to extrastriate and
temporal visual areas where object-related information is known to be
encoded.
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Congresses, Workshops, and Symposia
2009

Haynes, J.-D., & Pauen, M. (June). 13th Annual Meeting of the Association for the Scientific Study of Consciousness
(ASSC). Conference. Berlin-Brandenburg Academy of Sciences and Humanities, Berlin, Germany.
Wenke, D., Haynes, J.-D., & Prinz, W. (June). 2nd L.E.C.A. – Leipzig Encounters in Cognition and Action.
Conscious Awareness in Cognition and Action. Symposium. Max Planck Institute for Human Cognitive and
Brain Sciences, Leipzig, Germany.
Müller, K.-R., Blankertz, B., Haynes, J.-D., & Curio, G. (July). Berlin Brain Computer Interface Workshop (BBCI)
2009. Workshop. Advances in Neurotechnology, Bernstein Center for Computational Neuroscience
Berlin, Germany.
Ernst, U., Haynes, J.-D., Herz, A., & Obermayer, K. (July). 18th Annual Computational Neuroscience Meeting
2009. Conference. Computational Neurosciences, Inc., Berlin, Germany.

Awards
2009

Chen, Y. HBM Trainee Abstract Award. Organization for Human Brain Mapping.

Publications
Published Papers
Bengtsson, S., Haynes, J.-D., Sakai, K., Buckley, M. J., & Passingham,
R. E. (2009). The representation of abstract task rules in the human prefrontal cortex. Cerebral Cortex, 19(8), 1929–1936.
Bles, M., & Haynes, J.-D. (2008). Detecting concealed information using brain-imaging technology. Neurocase, 14(1), 82–92.
Bode, S., & Haynes, J.-D. (2009). Decoding sequential stages of
task preparation in the human brain. NeuroImage, 45(2), 606–
613.
Corney, D., Haynes, J.-D., Rees, G. E., & Lotto, R. B. (2009). The
brightness of colour. PLoS ONE, 4(3):e5091. doi:10.1371/journal.
pone.0005091
Eger, E., Ashburner, J., Haynes, J.-D., Dolan, R. J., & Rees, G.
(2008). FMRI activity patterns in human LOC carry information
about object exemplars within category. Journal of Cognitive
Neuroscience, 20(2), 356–370.
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Ferstl, E. C., Neumann, J., Bogler, C., & von Cramon, D. Y. (2008).
The extended language network: A meta-analysis of neuroimaging studies on text comprehension. Human Brain Mapping,
29(5), 581–593.
Graham, S., Phua, E., Soon, C. S., Oh, T., Au, C., Shuter, B., Wang, S.
C., & Yeh, I. B. (2009). Role of medial cortical, hippocampal and
striatal interactions during cognitive set-shifting. NeuroImage,
45(4), 1359–1367.
Haynes, J.-D. (2008). Detecting deception from neuroimaging
signals – A data-driven perspective. Trends in Cognitive Sciences,
12(4), 126–127.
Haynes, J.-D. (2009). Decoding visual consciousness from human brain signals. Trends in Cognitive Sciences, 13(5), 194–202.
Howard, J. D., Plailly, J., Grüschow, M., Haynes, J.-D., & Gottfried,
J. A. (2009). Odor quality coding and categorization in human
posterior piriform cortex. Nature Neuroscience, 12(7), 932–938.
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Kalberlah, C., Distler, C., & Hoffmann, K.-P. (2009). Sensitivity to
relative disparity in early visual cortex of pigmented and albino
ferrets. Experimental Brain Research, 192(3), 379–389.

Sterzer, P., Haynes, J.-D., & Rees, G. (2008). Fine-scale activity patterns in high-level visual areas encode the category of invisible
objects. Journal of Vision, 8(15):10. doi:1167/8.15.10

Müller, A. D., Bode, S., Myer, L., Roux, P., & von Steinbüchel, N.
(2008). Electronic measurement of adherence to pediatric antiretroviral therapy in South Africa. Pediatric Infectious Disease
Journal, 27(3), 257–262.

Sumner, P., Anderson, E. J., Sylvester, R., Haynes, J.-D., & Rees,
G. (2008). Combined orientation and colour information in human V1 for both L-M and S-cone chromatic axes. NeuroImage,
39(2), 814–824.

Rieger, J. W., Koechy, N., Schalk, F., Grüschow, M., & Heinze, H.-J.
(2008). Speed limits: Orientation and semantic context interactions constrain natural scene discrimination dynamics. Journal
of Experimental Psychology: Human Perception and Performance,
34(1), 56–76.

Wright, N. D., Mechelli, A., Noppeney, U., Veltman, D. J.,
Rombouts, S. A. R. B., Glensman, J., Haynes, J.-D., & Price, C. J.
(2008). Selective activation around the left occipito-temporal
sulcus for words relative to pictures: Individual variability or
false positives? Human Brain Mapping, 29(8), 986–1000.

Soon, C. S., Brass, M., Heinze, H.-J., & Haynes, J.-D. (2008).
Unconscious determinants of free decisions in the human
brain. Nature Neuroscience, 11(5), 543–545.

The Max Planck Fellow Group “Attention and Awareness” has presented its work at national and international conferences resulting
in 25 published abstracts.
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5.2  

Independent Junior Research Group
“Body and Self”

The human body: Investigating its role in action, cognition, and creating
the sense of self
The Junior Research Group “Body and Self” was established in October 2007 with the principal research aim
of experimentally studying the constituents of the sense
of agency and the sense of self in relation to the physical
body. The representation of the self is a classical problem of philosophy that has recently been rediscovered by
neuroscience. Existing theories can broadly be divided
into those which treat thinking as the characteristic attribute of the mind, and thus the basis of self-awareness
(e.g., Descartes, 1637, as the best-known example), and
those which emphasize the sensorimotor experience of
the body (e.g., Damasio, 1999, The feeling of what happens,
Harcourt; Gallagher, 2000, Trends Cog Sci, 4, 14–21). We
adopt the latter perspective and assume that the mental
representation of one’s body is integrated from (continuous) primary sensorimotor experience. These primary experiences mediate the sensations that the body is indubitably mine (i.e., sense of body ownership) and that I am
the author of the actions my body performs (i.e., sense of
agency) (Gallagher, 2000, Trends Cog Sci, 4, 14–21), and
thus provide a stable and invariant representation of oneself across time. Once the mental body representation is
acquired, it is possible to reflect upon and, in this way, it
provides a possible basis for self-consciousness.

In the following, we give an overview of our current research, starting with questions concerning mental body
representation itself and concluding with questions regarding (bodily) self-representation in the social context.
Ongoing projects explore links between primary sensorimotor experiences and the mental representation of
one’s body (5.2.1, 5.2.2) as well as differences and commonalities in the representation of extrapersonal versus
body space (5.2.3). Two other projects investigate self/
other distinction and agency and seek to identify implicit
(i.e., sensorimotor based) markers of self-representation
and their relation to explicit representations (i.e., judgments about one’s own body) (5.2.4, 5.2.5). Finally, another project investigates the role of (bodily) self-representation and context-related influences in perceiving others
(5.2.6). Our experimental methods (will) include behavioural/psychophysical measurements and neuroscientific
techniques (e.g., Transcranial Magnetic Stimulation, EEG,
Functional Imaging) as well as patient studies.
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Primary sensorimotor experiences and the representation of body
structure

5.2.1

Schütz-Bosbach, S. 1, Musil, J. J. 2, & Haggard, P. 2
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
2 Institute of Cognitive Neuroscience, University College London, United Kingdom
So far, very little research has investigated how we learn
the structure of our own body, with most researchers
emphasizing the canonical visual representation of the
body when we look at ourselves in a mirror. Here, we investigated the hypothesis that we acquire a structural
representation of our own body through non-visual sensorimotor experience. To this end, Schütz-Bosbach, Musil,
and Haggard (2009) asked participants to use the fingers
of one hand (the ‘active’ hand), to touch the fingers of
the other (the ‘passive’ hand). A conflict between the experience of the active and passive hand was introduced
by the experimenter interleaving their fingers with the
fingers of the participant’s passive hand (see Fig. 5.2.1).
This led to the active hand experiencing the sensation
that it touched more fingers than the passive hand felt
it was being touched by. The effects on representation
of body structure were assessed using an implicit measure based on Kinsbourne and Warrington’s ‘in-between
task’ (Kinsbourne, & Warrington, 1962, Brain, 85, 47–66).
Participants were tapped on two fingers of one hand,
and were asked to report the number of untapped fingers between those tapped. We found an underestimation of the number of fingers in the central part of the
hand specifically linked to the experience of self-touch.
This pattern of results corresponds to the experience of
the passive hand, but not the active hand. Nevertheless,
a comparable reorganization of fingers within the hand

representation was found for both active and passive
hands. This finding indicates that primary sensorimotor
experience can modify the representation of body structure and therefore supports an empiricist, rather than a
nativist view of body structure.

Participant‘s left hand and
experimenter‘s left hand
(shaded)

Participant‘s right hand

Figure 5.2.1  Participants used their right index, middle, and ring finger
to simultaneously stroke (dashed arrows) their left-hand middle finger
and two adjacent interleaved fingers belonging to the experimenter’s
left hand. In this way, a sensorimotor conflict was created: The participant’s right, active hand experienced the sensation of stroking three
fingers, whereas the participant’s left, passive hand felt that it was being stroked on only one finger.

Roughness perception during the rubber hand illusion

5.2.2

Schütz-Bosbach, S. 1, Tausche, P. 1, & Weiss, C. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
The “rubber hand illusion” (RHI) refers to the phenomenon that when watching a prosthetic hand being stroked
by a paintbrush while feeling identical stroking of one’s
own occluded hand, the seen hand starts “feeling” like
a part of one’s body. It has been suggested that the RHI
does not simply reflect a bottom-up multisensory integration process but that the illusion is also modulated by
top-down cognitive factors. To further study the role of
top-down factors in this self-attribution process, SchützBosbach, Tausche, and Weiss (2009) investigated wheth-

er the interpretation of the sensory quality of visual and
tactile sensations in terms of roughness influences the
occurrence of the illusion and, conversely, whether the
presence of the illusion can modulate the perceived sensory quality of a given tactile stimulus. We used a classical RHI paradigm in which participants watched a rubber
hand being stroked by either a piece of soft or rough fabric. At the same time, they received synchronous or asynchronous tactile stimulation that was either congruent or
incongruent with respect to the sensory quality of the
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material touching the rubber hand. (In)congruencies between the visual and tactile stimulation neither affected
the presence of the RHI on an implicit level (i.e., in terms
of proprioceptive drifts of participants’ own hand towards
the rubber hand) nor on an explicit level (i.e., in terms of
verbal reports on the perceived experience of the illusion). Furthermore, the experience of the RHI in turn did

5.2.3

not cause any modulations of the felt sensory quality of
touch on participant’s own hand. This suggests that the
RHI seems to be resistant to top-down knowledge in
terms of a conceptual interpretation of tactile sensations.
Moreover, our findings argue against the hypothesis that
participants’ own hands tend to disappear during the illusion and the rubber hand actively replaces it.

The body (in) space
Hach, S. 1, & Schütz-Bosbach, S. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
A series of studies aims to characterize the possible similarities and differences between processing the region
of extrapersonal space and personal or body space. For
this purpose, four behavioural tasks were specifically developed or adapted from existing tests. The haptic line

A

B

Sinistrals

bisection task (an analogue of the visual line bisection)
examines the ability to accurately judge peripersonal
space using haptic information only. The modified Body
Image Test (modBIT – the scaling of distorted individual
body outline halves presented on a computer screen)
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Figure 5.2.3
(A) Body Outline Pointing Task scores in distance from the midsagittal plane (in cm)
for strongly right- and left-handed participants. Right hemispace depicted on the
right of the figure and left hemispace on the left.
(B) Simple frequency count of missed stimuli on the Modified Fluff Test for dextrals
(left) and sinistrals (right). (Note: No stimuli were attached to the surface of the dominant arm to allow completion of the task with the use of this arm only.)

Independent Junior Research Group  “Body and Self”

tests the ability to call up an explicit memory-based
visual representation of the body. The Body Outline
Pointing Task (BOP task – involving pointing movements
to landmarks on one’s own covered body) and finally the
modified Fluff Test (Cocchini, Beschin, & Jehkonen, 2001,
Neuropsych Rehabil, 11, 17–31) (modFluff – the haptic
search of stimuli attached to the dorsal surface of a suit
which the blindfolded participant wears) both examine
the ability to recruit a more implicit, motor-related representation of the body. First findings show i) that haptic perception of near space is affected by subject and
stimulus factors identical to what has been shown for
visual perception; ii) the presence of handedness differ-

ences for implicit measures of body space (BOP task and
modFluff) (cf. Fig. 5.2.3A & 5.2.3B) but not an explicit measure (modBIT); and iii) evidence of somatosensory dorsal
pathway processing for performance on the BOP task.
These findings suggest that personal or body space is
processed in a comparable way to space outside of one’s
own body and is affected by similar constraints. A further study examining the performance of stroke patients
suffering from right- or left-hemispheric lesions in BA 37
and 40 on the same battery of tests is set to elucidate
the significance of right versus left-hemispheric as well as
temporal versus parietal damage in the development of
personal (body) neglect syndromes.

Implicit and explicit distinction of one’s own and others’ actions

5.2.4

Weiss, C. 1, Herwig, A. 2, Tsakiris, M. 3,4, Haggard, P. 4, & Schütz-Bosbach, S. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
2 Department of Neuro-Cognitive Psychology, University of Bielefeld, Germany
3 Department of Psychology, Royal Holloway, University of London, United Kingdom
4 Institute of Cognitive Neuroscience, University College London, United Kingdom
A large body of evidence suggests that both self-generated and observed actions activate overlapping neural
networks, thus implying a shared representation of self
and other. The notion of shared representations argues
against a self-specific representation of one’s own body,
and the question arises how we distinguish self and other.
Recent theories of agency suggest two sources of information: implicit, sensorimotor processes and explicit factors such as intentions or situational cues. The following
research projects aim to investigate these implicit and explicit mechanisms and their interrelation.
In a first project (Weiss, Tsakiris, Haggard, & Schütz-Bosbach,
in prep.), we sought to study whether the human motor system differentiates self and other (Schütz-Bosbach,
Mancini, Aglioti, & Haggard, 2006, Curr Biology, 16, 1830–
1834; Schütz-Bosbach, Avenanti, Aglioti, & Haggard, 2009)
and can thus provide an implicit marker of self/other distinction. To this end, we compared corticomotor facilitation to transcranial magnetic stimulation after observation
of one’s own and others’ actions in an ambiguous situation (cf. Daprati, Franck, Georgieff, Proust, Pacharie, Dalery,
& Jeannerod, 1997, Cognition, 65, 71–86). Results so far
showed a trend indicating that observation of another’s
action only then causes a different pattern in cortiocomotor excitability as compared to one’s own when it diverges
with respect to the timing from the subject’s own concurrently executed movement (see Fig. 5.2.4.1A). This indicates
that congruency between predicted and actual visual
feedback may be sufficient for self-attribution of action at

the level of the sensorimotor representation. Similarly, explicit judgements about hand ownership were more accurate when there was a clear movement onset time asynchrony between self and other (see Fig. 5.2.4.1B). Ongoing
studies investigate the sensitivity of the motor system to
temporal and spatial discrepancies between executed and
observed movements in greater detail, and whether this
sensitivity is related to explicit judgements of those.
A second project (Weiss, Herwig, & Schütz-Bosbach, in
prep.) explores sensory attenuation of one’s own action
effects, which is thought to be based on predictive sensorimotor processes and may enable humans to discriminate between internally and externally generated actions.
However, recent evidence challenged this assumption by
showing that sensory attenuation also occurs during the
mere observation of a human agent (Sato, 2008, Conscious
Cogn, 17, 1219–1227). To further clarify the relationship between sensory attenuation and action (effect) attribution, we used an auditory attenuation paradigm in which
subjects had to listen to tones that were either generated
by themselves, another person or the computer (see Fig.
5.2.4.2). In contrast to previous investigations, our results
indicate that sensory attenuation is indeed self-specific:
Tones following self-generated actions were significantly
attenuated resulting in a lower point of subjective equality as compared to tones generated by another person or
the computer (see Fig. 5.2.4.3). This suggests that sensory
attenuation is a candidate mechanism to distinguish self
and other.
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Figure 5.2.4.1   (A) Motor facilitation: Mean
normalized motor-evoked potentials (MEP
facilitation ratio) after observation of one’s
own movements (Self), synchronous movements of another person (Other, synchronous) and asynchronous movements of
another person (Other, asynchronous).
Synchronicity of movements was defined
on the basis of a median split of movement-onset times. (B) Judgment accuracy:
Mean percentage of trials in which subjects
judged that they had seen the movement
of another person (‘Other’ Judgements) after observation of their own movements
(Self), synchronous movements of another
person (Other, synchronous), and asynchronous movements of another person (Other,
asynchronous).
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Figure 5.2.4.2  Subjects had to listen to tones
that were either generated by themselves
or the experimenter by pressing a button
(Human agent). The tones following the
button press of the subject and the experimenter were of different frequencies (i.e.,
each human agent’s action was associated
with a specific auditory effect). In addition,
both tones were presented by the computer (Control) following a fixation cross that
served as a visual warning cue to make the
occurrence of the tone as predictable as in
the human agent conditions.
Subjects were required to compare the
loudness of a given self-, other- or computer-generated tone with a subsequent tone
of the same frequency but of varying amplitude. The data from each condition were fitted with a logistic function to calculate the
point of subjective equality as an indicator
of auditory attenuation.
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Figure 5.2.4.3  Mean point of subjective equality (dB) in each experimental condition.
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How unconscious effect information modulates the sense of agency:
An ERP study

5.2.5

Gentsch, A. 1,2, & Schütz-Bosbach, S. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
2 Graduate School of Mind and Brain, Humboldt University Berlin, Germany
The sense of agency refers to the experience of control over one’s actions and their sensory effects. It has
been suggested that it relies upon sensory predictions
based on efferent information which can be used to attenuate self-generated sensory effects and, in this way,
distinguish them from externally generated effects.
Another view is that we infer the experience of control
from observing covariances between thoughts and sensory events, independent of the efferent copy of a motor
command. There is evidence for both accounts; however,
their interrelation is so far poorly understood. We aimed
to study whether externally induced modulation of the
experience of control over sensory effects also relies on a
sensory attenuation mechanism even though the effect
representation is, in fact, independent of the motor system’s execution commands. To this end, we used event-

related potentials (ERP) to measure attenuation of selfversus externally generated sensory effects and explicit
agency-judgments under different conditions of unconscious effect-priming. The results revealed that priming
of action effects modulates both the conscious experience of control and attenuation of the ERP response to
self-generated effects. Congruency between prime and
subsequent action effect was associated with higher
agency-judgments and a reduction in amplitude of the
anterior visual N1 component compared to conditions
of incongruency between prime and action effect. Our
findings suggest that attenuation of self-generated sensory effects underlies the experience of control regardless of whether internal motor signals or external sensory
cues indicate the cause of action effects.
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Figure 5.2.5.1  Sequence of events during a trial of congruent action
effect-priming.
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Figure 5.2.5.3   Stimulus-locked grand mean average ERP waveforms
at electrode location CZ. The black line represents externally generated effect stimuli. The red and blue lines indicate the brain response
to self-generated effect stimuli which were preceded by incongruent
(red) or congruent (blue) prime stimuli. Scalp topographies are shown
for the N1 at 130 ms following the onset of the effect stimulus.

Figure 5.2.5.2  Mean judgments about the causal relation between action and effect as a function of prime-effect congruency. Error bars
represent standard errors (SE) of the mean.
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5.2.6

Knowing me, mirroring you: Own action constraints influence motor
resonance of others’ actions
Spengler, S. 1, Brass, M. 2, & Schütz-Bosbach, S. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
2 Department of Experimental Psychology and Ghent Institute for Functional and Metabolic Imaging, Ghent
University, Belgium
Observation of others’ actions leads to a ‘mirroring’ response in one’s own motor system by evoking the matching motor representation, and thereby underlies social understanding of observed actions (Rizzolatti, & Craighero,
2004, Annu Rev Neurosci, 27, 169–192). Although this
mirror-mapping process is thought to occur automatically and invariably (Rizzolatti, Fogassi, & Gallese, 2001, Nat
Rev Neurosci, 2, 661–670), it can be modulated, for example, by manipulations of the observed actions (Romani,
Cesari, Urgesi, Facchini, & Aglioti, 2005, NeuroImage, 26,
755–763) and motor experience (Calvo-Merino, Glaser,
Grezes, Passingham, & Haggard, 2005, Cereb Cortex, 15,
1243–1249). However, it has hitherto not been tested if
the observer’s own current motor abilities may have an
influence on this mirroring mechanism. We address this
by introducing short-term limitations of specific movements in the otherwise passive observer. Using singleFDI facilitation compared to baseline

B

ADM facilitation compared to baseline

2.50
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2.00

2.00

MEP facilitation ratio
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pulse transcranial magnetic stimulation (TMS), we show
that during the mere observation of others’ actions, corticomotor facilitation differed between conditions with
and without movement constraints of the observer (see
Fig. 5.2.6). This effect was specific for the muscle normally involved in the restricted movement. These findings
indicate that action simulation via mirroring is an adaptive mechanism incorporating both the others’ and one’s
own movement context and is even sensitive to shortterm changes in the motoric representation of one’s own
body. It may enable the supposed functional role of the
human motor system in imitation, action prediction and
understanding by providing a flexible, matching mechanism of action outcomes, rather than of kinematic details
(de Vignemont, & Haggard, 2008, Soc Neurosci, 3, 421–
433).
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Figure 5.2.6  Effect of constraint of index finger on corticomotor excitability. (A) Mean (± standard error) motor-evoked potential (MEP) sizes during
index finger movement observation measured from FDI muscle (index finger). Facilitation ratio was computed by comparing the experimental
blocks against the averaged baseline condition. (B) Mean (± standard error) MEP sizes during index finger movement observation measured
from ADM muscle (little finger). Facilitation ratio was computed by comparing the experimental blocks against the averaged baseline condition.
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Brain Sciences, Leipzig, Germany.
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Books and Book Chapters
Brass, M., & Spengler, S. (2008). The inhibition of imitative behavior and attribution of mental states. In T. Striano, & V. M. Reid
(Eds.), Social cognition: Development, neuroscience and autism
(pp. 52–66). New York: Wiley.

Grafton, S. T., & Cross, E. S. (2008). Dance and the brain. In C.
Asbury, & B. Rich (Eds.), Learning, arts and the brain: The Dana
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Dana Press.

Cross, E. S. (in press). Building a dance in the human brain:
Insights from expert and novice dancers. In B. Bläsing, M.
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Psychology Press.

Schütz-Bosbach, S., Haggard, P., Fadiga, L., & Craighero, L.
(2008). Motor cognition: TMS studies of action generation. In
E. Wasserman, C. Epstein, & U. Ziemann (Eds.), The Oxford handbook of transcranial stimulation (pp. 463–478). Oxford: Oxford
University Press.

Graf, M., Schütz-Bosbach, S., & Prinz, W. (in press). Motor involvement in action and object perception: Similarity and complementarity. In G. Semin, & G. Echterhoff (Eds.), Grounding sociality: Neurons, minds, and culture. New York: Psychology Press.
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Editore.
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“Music Cognition and Action”

Human interaction in musical contexts is characterized
by precise temporal coordination among instrumentalists and dancers, and between performers and audience members. Such coordination is typically a highly
creative affair involving diverse body parts, a variety of
complementary roles played by different individuals, and
remarkable adaptability to changing cognitive, motor,
affective, and social demands. The Music Cognition and
Action (MCA) group investigates the behavioural and
brain mechanisms that enable humans to coordinate
their actions with the fine precision and flexibility that
can be observed under these conditions.
The principal research strategy guiding the MCA group
is first to identify – and interrogate in laboratory tasks –
the basic cognitive/motor skills that mediate interpersonal interaction in musical contexts, and then to explore how these skills mesh to determine the quality of
musical coordination under realistic performance conditions. To this end, we employ a wide range of techniques
from experimental psychology, music technology, and
neuroscience. These include motion capture systems to
record spatiotemporal trajectories of performers’ body
movements, signal processing techniques applied to
output from digital and analogue musical instruments
to quantify performance timing, EEG and functional MRI
to observe music-related neural processes, and structural MRI to examine anatomical features of musicians’
brains. Furthermore, owing to the interdisciplinary nature
of our research agenda, the MCA group enjoys a num-

ber of collaborations with other groups from the Max
Planck Institute for Human Cognitive and Brain Sciences
and the wider scientific community. These include cooperative projects with the Neurocognition of Rhythm in
Communication group, the Department of Psychology,
and the Department of Neurophysics at the MPI, as well
as international collaborations with researchers at MARCS
Auditory Laboratories (Australia) and Dr. Bruno Repp at
Haskins Laboratories (USA).
The project descriptions that follow offer glimpses into
the ongoing research activities of the MCA group. The
first pair of projects deals with how co-acting individuals
mutually adapt to each other’s action timing (5.3.1) and
the neuroanatomical correlates of such adaptive timing
skills (5.3.2). A second pair addresses the role of auditory
imagery in generating temporal predictions, which we
assume to be necessary when the goal is to move in synchrony with sounds produced by others (5.3.3), and electrophysiological signatures of related anticipatory mechanisms in the brain (5.3.4). The fifth showcased project
is concerned with musical spontaneity, and investigates
behavioural and brain processes associated with the production and perception of improvised versus rehearsed
performances (5.3.5). Finally, a set of motion capture
studies probes issues in motor control, as well as embodied and social cognition, through the examination of
movement kinematics in musicians and dancers (5.3.6).
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Mutual adaptive timing in interpersonal action coordination

5.3.1

Nowicki, L. D. 1, Keller, P. E. 1, Repp, B. H. 2 & Prinz, W. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
2 Haskins Laboratories, New Haven, CT, USA
feedback from only his/her own taps was available, and
more positive still when both individuals’ taps generated
sounds (see Fig. 5.3.1). These effects were not modulated
by visual contact. In the context of ensemble music, mutual assimilation in timing may enhance stylistic compatibility between performers and assist them to sound collectively as one.
0.5

Lag-1 autocorrelations (r)

Ensemble musicians continuously adapt the timing of
their actions to those of their co-performers when coordinating complementary sound patterns. The present
study addressed a basic form of mutual adaptive timing
by examining the timing of finger taps produced by two
musicians in alternation as they synchronized with isochronous auditory pacing sequences. The role of auditory feedback was examined by varying whether individuals could hear percussive sounds triggered by their
own and/or their partners’ taps. Additionally, visual contact was manipulated by placing an occluder between
individuals in half of the trials. The mutual influence of
individuals’ timing on one another under these conditions was assessed by estimating the lag-1 autocorrelation (AC1) of relative asynchronies between taps and pacing tones in each trial. Positive AC1 coefficients indicate
that the timing of adjacent taps, which are produced by
different individuals, is similar (e.g., both taps are relatively
early or late). This may reflect mutual assimilation in action timing. Negative AC1 coefficients indicate that the
timing of adjacent taps is different (e.g., a relatively late
tap is followed by an early tap), which may reflect mutual
compensation for timing errors via local error correction.
The results suggest that assimilation predominated: AC1
was positive in all conditions. Moreover, AC1 was more
positive when each individual received auditory information about his/her partner’s actions than when auditory

+ Vision
- Vision

0.4

0.3

0.2

0.1

0

own

other

both

Auditory feedback

Figure 5.3.1   Average coefficients (r) for the lag-1 autocorrelation of
relative asynchronies in the two visual contact (present vs. absent)
and three auditory feedback conditions: own – each individual heard
only his/her own feedback sounds; other – each individual heard only
sounds generated by his/her partner; both – each individual heard
his/her own and the other’s sounds. Note that positive AC1 in conditions where individuals could neither hear nor see their partner indicate nonstationarity, or drift, in the time series. “+ Vision” = visual contact present; “- Vision” = visual contact absent.

The effect of musical experience on sensorimotor synchronization and
correlated white matter adaptations

5.3.2

Fairhurst, M. T. 1, Anwander, A. 1, & Keller, P. E. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
The current study explores white matter adaptations
related to sensorimotor synchronization (SMS) performance in individuals with differing levels of musical experience. Diffusion tensor imaging (DTI) was used to investigate correlations between fractional anisotropy (FA)
statistical maps and behavioural results from an SMS finger tapping experiment.
The paced finger tapping task required participants to
synchronize with a computer-controlled auditory signal

that was programmed to adapt its timing to the human
in a manner that reduced asynchronies between human taps and computer tones (see Repp, & Keller, 2008).
This method allows estimates of the participant’s performance accuracy and temporal error correction (asynchrony reduction) to be calculated. Behavioural results
for 29 healthy individuals who had taken part in the SMS
experiment were extracted and analysed. Participants
had varying degrees of musical experience and were divided into novice and experienced subgroups based on
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musical ensemble experience. DTI scans for these individuals were analysed and FA maps were created exploring correlations with behavioural results.

FA values in experienced individuals in the internal capsule and genu of the corpus callosum correlate with increases in error correction (Fig. 5.3.2C).

Comparisons of novice and experienced subgroups
revealed significant differences in performance and
error correction behavioural estimates (Fig. 5.3.2A).
Subsequent FA regression analyses revealed a significant
difference between novice and experienced subgroups,
with higher FA values in novice individuals in the body
of the corpus callosum correlating with poor task performance (Fig. 5.3.2B). Preliminary data suggest that higher

Combining an SMS behavioural paradigm and DTI, this
study furthers our understanding of the neural correlates of SMS performance and temporal error correction.
Specifically, observed diffusion property differences in
the corpus callosum confirm similar findings implicating
this structure in learning and performance of movement
sequences and training/experience-related white matter
plasticity.
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Figure 5.3.2   Sensorimotor synchronization
performance and temporal error correction in individuals with varying musical experience. (A) Behavioural results comparing
estimates of error correction (top) and task
performance (bottom) in experienced individuals and novices (≤ 7 years of ensemble
experience). (B) Fractional anisotropy (FA)
statistical maps showing significant correlated increases in FA in novices with poor task
performance (increased variability in asynchronies) in the body of the corpus callosum.
(C) FA statistical maps showing correlated
increases in FA in experienced individuals
with increased temporal error correction in
the genu of the corpus callosum and internal
capsule. Background image: group average
FA map. Note: **p < .01.

Auditory imagery and sensorimotor synchronization abilities in musicians
Pecenka, N. 1, & Keller, P. E. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
Musical ensemble performance requires precise interpersonal action coordination. To play in synchrony with other ensemble members, musicians presumably use auditory imagery to anticipate sounds that will be produced
by their co-performers. The current study investigated interrelations between auditory imagery and sensorimotor
synchronization (SMS) abilities in musicians (N = 57). An
adaptive threshold estimation procedure was employed
to measure the acuity of (1) single-tone pitch images and
(2) images of event timing in beat sequences that were
isochronous or contained tempo changes resembling
those found in music. To assess SMS skills, participants
tapped on a percussion pad in synchrony with an isochronous metronome and with a tempo-changing auditory pacing signal.
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Results indicated that temporal imagery ability was relatively strongly correlated with SMS performance, while
only a moderate correlation between pitch imagery and
SMS skill was observed. For the tempo-changing SMS
task, the degree to which individuals predicted versus
tracked tempo changes was estimated based on lag-0
and lag-1 cross-correlations between inter-tap intervals
and inter-onset intervals in the pacing signal. Prediction/
tracking ratios indicated that the majority of individuals were able to predict ongoing tempo changes.
Furthermore, relatively accurate prediction was related
to good pitch imagery ability and, even more strongly,
to temporal imagery ability (see Fig. 5.3.3). The above relationships were not solely side-effects of instrumental
experience and/or perceptual acuity (assessed by tasks
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designed not to rely on auditory imagery and working
memory). The present findings support the notion that
musicians whose auditory images of upcoming sounds
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are relatively accurate are more precise in synchronizing
their movements with these sounds.
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Temporal imagery thresholds

Pitch imagery thresholds

Figure 5.3.3   Scatterplot of z-transformed
prediction/tracking ratios (high values indicate more prediction) and auditory imagery
scores (low values indicate low thresholds
and, therefore, good performance) shown
separately for pitch (left panel) and temporal imagery (right panel). Note: *p < .05;
**p < .01.

The processing of self-generated piano tones: An ERP study comparing
musical experts and novices

5.3.4

Schimming, A. 1,2, Baess, P. 1,2, Schröger, E. 2, & Keller, P. E. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
2 Bio-Cog Biological and Cognitive Psychology, Department of Psychology I, University of Leipzig, Germany
Ensemble musicians must monitor the relationship between their own and others’ sounds in order to achieve
optimal interpersonal timing and balance (relative loudness). Adjusting one’s performance to maintain the desired relation requires that each musician can distinguish
between his/her own and others’ sounds. Internal forward models that predict the sensory consequences of
one’s movements may assist such discrimination by al-

Musicians

Non-musicians

N100 attenuation
–6

lowing self-generated sensory feedback that matches
predictions to be distinguished from non-matching externally controlled information. Electrophysiological evidence for internal prediction mechanisms can be seen in
the attenuation of the N100 component for self-generated sounds in event-related potential studies (e.g., Baess,
Jacobsen, & Schröger, 2008).
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Figure 5.3.4  Grand-average ERPs at selected frontal (FZ) and left-lateralized central (C5) electrode sites in musicians and non-musicians, with
group difference waves shown in the rightmost graphs. Differences in ERP components later than the N100 are not described here. In the motorauditory task, participants were instructed to press each of two keys equally often at a slow tempo, with each key triggering a different pitched
tone. In the auditory-only task, participants listened to the tone sequences that they had produced earlier. In the motor-only task, participants
pressed the two keys as in the motor-auditory task, but no sounds were delivered.
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The current study investigated the effects of musical experience on auditory sensory attenuation by comparing N100 amplitudes for self-generated and externally
generated piano tones in pianists and non-musicians.
Consistent with the notion of internal prediction, N100
amplitudes were found to be attenuated for self-generated tones in both groups of participants at most electrode sites in a grid of interest. However, no such N100 at-

5.3.5

tenuation was found at left-lateralized temporal, central,
and centro-parietal sites in musicians (see Fig. 5.3.4). This
may be due to enhanced perceptual sensitivity to feedback from self-generated sounds and/or especially vivid
anticipatory auditory imagery associated with the operation of inverse internal models that control sensorimotor
transformations from intended action outcomes (tones)
to appropriate motor commands.

The production and perception of musical improvisations and imitations
Engel, A. 1, & Keller, P. E. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany

In a follow-up fMRI study, we found that an independent
group of 22 jazz musicians could identify whether individual performances were improvised or imitated with
an accuracy rate that, despite being low (55 %), was better than chance. Listeners’ hemodynamic responses were
analysed using two contrasts (see Fig. 5.3.5.2). First, a contrast based on the objective classification of stimuli (real
improvisations vs. real imitations) revealed that bilateral
activation in the amygdala was strongest for improvisations. Furthermore, activation of the left amygdala was
positively correlated with the entropy of timing and dynamics in the stimuli. This is consistent with the notion
that the amygdala is involved in the detection of behavioural uncertainty. The second contrast, which was
based on the subjective classification of stimuli (judged
to be improvised vs. judged imitated), revealed relatively
strong activations for stimuli that were believed to be improvised in a network including the pre-supplementary
motor area, frontal operculum, and anterior insula. This

176

may reflect an increase in the degree to which a motor
simulation network is recruited when listeners find it difficult to predict a melody’s time course due to perceived
fluctuations in timing and dynamics.
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Spontaneity is a desirable quality in music performance,
especially during improvisation. The current project
aimed (1) to identify the objective musical features that
differentiate between genuinely spontaneous versus rehearsed productions, and (2) to investigate the sensitivity
of listeners to these differences. Six pianists improvised
melodies over jazz backing tracks on a piano with MIDI
(Musical Instrument Digital Interface) capabilities, and
then returned several months later to imitate excerpts
from these improvisations. Analyses of the MIDI data revealed that entropy was higher in improvisations than
in imitations for measures of event timing and dynamics (specifically, MIDI velocity, which is proportional to
the force with which keys are struck and, therefore, influences loudness) (see Fig. 5.3.5.1). This may reflect irregularities in force control associated with fluctuations in (un)
certainty about upcoming actions during improvisation.
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Figure 5.3.5.1  Probability distributions of first-order differenced MIDI
velocity values from a single improvised melody and an imitated version of it. Shannon entropy (H), a measure of the randomness of a
probability distribution, is higher for the improvisation than the imitation. Note that first-order differenced MIDI velocity values indicate
changes in the force with which successive keystrokes are made. Zero
indicates no change in force across successive key strokes, positive values indicate an increase in force (crescendo), and negative values indicate a decrease in force (decrescendo).
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Figure 5.3.5.2  (A) Differences in hemodynamic response yielded by a contrast based on the objective classification of stimuli as improvisations
and imitations (irrespective of listeners’ subjective judgments). Bar graphs show averaged parameter estimates (in arbitrary units) of the activation clusters for different combinations of objective and subjective stimulus classifications. (B) Differences in hemodynamic response yielded by a
contrast based on listeners’ subjective classification of stimuli as improvisations and imitations. Activations shown include the frontal operculum
(left image), anterior insula (centre image), and pre-supplementary motor area (right image).

Capturing relations between music and movement

5.3.6

Keller, P. E. 1, Sevdalis, V. 1, Kaiser, R. 1, Schröder, T. 1, Ay, N. 2, Ghazi-Zahedi, K. 2, Dalla Bella, S. 3, & Koch, I. 4
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
2 Information Theory of Cognitive Systems Group, Max Planck Institute for Mathematics in the Sciences, Leipzig,
Germany
3 Department of Cognitive Psychology, University of Finance and Management, Warsaw, Poland
4 Department of Cognitive and Experimental Psychology, Institute for Psychology, RWTH Aachen University,
Germany
Music and movement are on intimate terms. Musicmaking requires the body – and often an instrument
that extends the body’s capabilities – to move in order
to produce sound. Furthermore, when listening to music,
most individuals experience the urge to move, whether
they discretely tap their feet or dance with wild abandon.
The Music Cognition and Action group has been pur-

suing a range of projects addressing relations between
body movement and music using motion capture technology (Vicon and Optotrak systems). This research programme has three main streams. The first addresses the
mental underpinnings of movement timing and kinematics during music performance. One ongoing project
focuses upon the cognitive and motor skills that enable
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performers to coordinate their actions with one another
in musical ensembles (see Keller, 2008). Another project
is concerned with how anticipatory control processes –
specifically, the use of auditory imagery during action
preplanning – facilitate biomechanical economy by assisting an individual to regulate movement force (Keller,
Dalla Bella, & Koch, in press). The second stream of research activities deals with topics related to embodied
and social cognition in the music domain. One relevant
study examined self-recognition of actions performed
in synchrony with music to investigate the role of motor
simulation in musical contexts (Sevdalis, & Keller, 2009).

1.20

1.20

1.13

Another investigated music’s impact on the visual perception of affect in dyadic interpersonal interactions
(Kaiser, & Keller, 2009, Music’s impact on the visual perception of emotional dyadic interactions, International
Conference on Music and Emotion, Durham University).
Finally, in the third research stream, a collaborative project with Dr. Nihat Ay and Dr. Keyan Ghazi-Zahedi from
the Max Planck Institute for Mathematics in the Sciences
aims at developing quantitative methods for assessing
interpersonal coordination in relatively large groups such
as gamelan ensembles comprising up to seven musicians
(see Fig. 5.3.6).
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Figure 5.3.6 Top panel: Screen grab from a kinematic display of four
gamelan musicians with a swarm of Vicon motion capture cameras
hovering above them. Bottom panel: Each graph shows the probability of specific relations between each individual performer’s
head position (vertical axis, in arbitrary units) and the position of
the stick of the performer articulating the beat (horizontal axis).
Light colors indicate that a particular relation occurred frequently.
The leftmost graph shows relations between the head and stick
of the beat-keeping performer (i.e., intra-individual coordination).
The remaining graphs show relations between the beat-keeping
performer’s stick and the other performers’ heads (i.e., inter-individual coordination), with amount of gamelan experience decreasing
from left to right. Mutual information values, indicating the amount
of information (in bits) shared between the head and the stick during performance, is shown at the top of each graph. It can be seen
that mutual information for inter-individual coordination is as high
as mutual information for intra-individual coordination in the case
of the most experienced performer.
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5.4  

Minerva Research Group
“Neurocognition of Rhythm in Communication”

Successful comprehension of speech in communication implies that speech is not constrained to lower level
acoustic analysis, but comprises acoustic and rhythmic
features, verbal and non-verbal expressions, as well as
grammatical form. In order to express and comprehend
complex communicative signals, a signal must be temporally (‘when’) and informatively (‘what’) coherent to be
predictive in terms of signal succession and interactive
human behaviour. Thus, one of the most basic functions
in communication is timing. Timing defines the order of
events not only in relation to immediate and linear succession, but also in terms of hierarchical order. This makes
timing an essential link between non-linguistic and linguistic functions, and eventually between communicative partners.
The primary goals of the group are to identify and specify the mechanisms and neural correlates of timing and
rhythmic cues in interaction with non-linguistic and
linguistic cognitive functions, and, in a second step, to
extend this work to interpersonal communication. We
currently address the first point with behavioural, electrophysiological, and brain imaging methods in healthy
and patient populations. In a series of experiments, we
investigated the effects of temporal structure in nonlinguistic tone sequences (5.4.1) to specify its predictive
nature in information processing. Together with the IRG
“Music Cognition and Action”, we explored audio-motor
synchronization in tone sequences in subcortical (cerebellar, basal ganglia) patients (5.4.2), with the assumption
that these structures are differentially involved in tempo-

ral processing. In the linguistic domain, we investigated
how sensory predictable temporal cues such as metrical stress (the alternation of stressed and unstressed syllables) interact with syntactic processes (5.4.3). We find a
tight coupling of these processes, and overlapping neural activations of the perisylvian cortex and the motor
circuitries described in 5.4.2. We also tested whether the
metric structure of a non-native language (L2) affects L2
syntactic processing when the native language does not
rely on similar temporally predictive cues as the L2 (5.4.4).
Finally, we considered whether the predictive nature of
emotional vocalizations is evolution or experience-based
(5.4.5), and – together with the Independent Research
Group “Attention and Awareness” and the Department
of Neuropsychology – whether neural correlates of emotional expressions can be decoded and predicted by
means of multivariate pattern classification (5.4.6).
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5.4.1

Attention and entrainment: P3b varies as a function of temporal
predictability
Schmidt-Kassow, M. 1, Schubotz, R. I. 2, & Kotz, S. A. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
2 Motor Cognition Group, Max Planck Institute for Neurological Research, Cologne, Germany
Entrainment is a phenomenon that describes a process
in which two (or more) oscillators synchronize and interact with each other as a function of temporal predictability of one or the other oscillator. Here, we investigated
whether the P3b associated with stimulus-related attention is sensitive to entrainment. For this purpose, we used
tone sequences. Their succession was based on a simple
sequence established by the first three tones of a tonal
unit. Temporal predictability of the tones was manipulated in three different presentation modes: isochronous,
chunked, and random. Our results are twofold: (i) we find
a larger P3b amplitude for temporally predictable conditions (isochronous and chunked) compared to the
random condition, and (ii) the peak latency of the P3b
varies as a function of entrainment. Hence, the peak latency of P3b is systematically enhanced by increasing
temporal variability. Time-to-peak latency is shortest in
the isochronous timing condition, and longest in the
random timing condition. This result shows that timing
variability influences the latency of the P3b. Data are in
line with the results of Lakatos and colleagues (Lakatos,
Karmos, Mehta, Ulbert, & Schroeder, 2008, Science, 320,
110–113), who suggest that attention enforces entrainment of neuronal oscillations when the brain detects a
regular rhythm in a stimulus stream. This in turn accelerates the detection of a deviant stimulus as reflected in
the latency of the P3b. Consequently, deviant events that
occur at expected time points are preferably processed.
To conclude, we find a correlation between entrainment
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and peak latency of the P3b. This implies that the more
temporally predictable a stimulus, the shorter the latency
of the P3b.
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Figure 5.4.1   The P3b component elicited by the critical tone in the
random, chunk, and isochronous timing conditions. Waveforms show
the difference in the ordered and the violated condition from 200 ms
prior to the critical tone up to 1200 ms.

Direction of tempo change affects sensorimotor synchronization in
patients with basal ganglia or cerebellar lesions
Schwartze, M. 1, Keller, P. E. 1, Patel, A. D. 2, & Kotz, S. A. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
2 The Neuroscience Institute, San Diego, CA, USA
Sensorimotor synchronization (SMS) is a form of coupling between perception and action in order to temporally align motor acts to stimulus events. Efficient SMS
depends on the ability to build up accurate internal representations of external temporal relations and to exploit this information for anticipatory motor control. This
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transformation of temporal structure is most likely performed by cerebello-cortical and cortico-striatal circuits
involved in both motor control and temporal processing.
The former are associated with automatic millisecondrange temporal processing, whereas the latter support
attention-dependent temporal processing in the hun-
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dreds of milliseconds to seconds range (Buhusi, & Meck,
2005, Nat Rev Neurosci, 6, 755–765). In the current study,
patients with focal lesions of the cerebellum (CE) or the
basal ganglia (BG) and healthy controls had to synchronize their finger tapping with tone sequences delivered
via headphones, to continue tapping at the final tempo
after the pacing ceased, and to report verbally whether
they perceived an acceleration, deceleration, or no tempo change. Tone sequences could contain tempo changes of 30, 45, 60, or 75 ms relative to a 600 ms base tempo.
Adaptation performance was modelled in terms of automatic phase, and attention-dependent period correction

A

C

(Repp, & Keller, 2004, Q J Exp Psychol, 57A, 499–521). The
results show that BG and CE lesions affect adaptive timing in SMS differently. While BG patients had difficulties
in detecting and adapting to slower tempi, CE patients
showed similar deficits in detecting faster tempo changes. These findings support the notion of functional differences between different timing systems and suggest
that the BG are indeed involved in attention-dependent,
longer range temporal processing, whereas the cerebellum is engaged in automatic short-range temporal processing.

Electronic percussion pad

B

Tonal pacing sequences
delivered via headphones

Figure 5.4.2  Structural overlays of cerebellar (A) and basal
ganglia (B) lesions. During the experiment (C), participants were instructed to synchronize finger taps on an
electronic percussion pad with auditory pacing sequences and to continue tapping for a fixed number of taps
after the pacing had ceased.

Motor and perisylvian brain regions respond to linguistic rhythm and
syntax

5.4.3

Rothermich, K. 1, Schmidt-Kassow, M. 1, & Kotz, S. A. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
Recent investigations consider that sequencing in music
(e.g., Chang, Dell, & Bock, 2006, Psych Rev, 113, 234–272),
language (e.g., Hoen, & Dominey, 2000, NeuroReport, 11,
3187–3191), and motor behaviour (e.g., Middleton, & Strick,
2000, Brain Cog, 42, 183–200) is based on predictions
about the ordering of events in a sequence. We consider
that this form of predictions is tightly coupled to temporal predictions of events involving classical motor regions such as the cerebellum, the basal ganglia, and the
pre-SMA/SMA (e.g., Kotz, Schwartze, & Schmidt-Kassow,
2009). Considering this possible relationship, we investigated whether auditory linguistic sequencing (syntax)
and temporal prediction in the form of linguistic meter
(alternation of stressed and unstressed syllables) rely on
similar neural correlates, and form a neural circuitry consisting of perysylvian language areas as well as motor areas. To ensure that processing of meter and syntax was

not confounded by task demands, we tested the same
three conditions (syntax, meter, syntax + meter) with
two judgment tasks (syntax and meter, respectively). In
the metric task (Fig. 5.4.3.1), all three conditions activated
a network consisting of the bilateral superior temporal
(STG) and left inferior frontal (IFG) gyrus as well as the
bilateral cerebellum, thalamus, basal ganglia, and insula.
In the syntactic task, all conditions resulted in left-lateralized mid-posterior STG/MTG activation. A conjunction
analysis of the two tasks (Fig. 5.4.3.2) revealed a strong
overlap between syntax and meter processing in the left
posterior STG/STS. The integration of classical language
and motor areas supports the concept that sequential
and temporal predictions go hand in hand in auditory
language processing.
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Figure 5.4.3.1  Axial view of the activation patterns for the direct contrasts of (A) syntactically incorrect vs. correct, (B) metrically incorrect
vs. correct, and (C) syntactically and metrically incorrect vs. correct.
Functional activation was thresholded at z ≥ 3.09 (corrected).

5.4.4

Figure 5.4.3.2  Left sagittal view of the results in two critical conditions
(syntax and meter) in a task comparison via conjunction analysis. Red:
the overlapping activations between both tasks; blue: the activation
for the meter task; green: the activation for the syntax task.

How “stress deafness” affects L2 metric and syntactic processing
Schmidt-Kassow, M. 1, Rothermich, K. 1, Schwartze, M. 1,  & Kotz, S. A. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
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nomenon does not only affect phonological processing.
We conclude that metric competence is essential for native-like syntactic processing.
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French and German event-related potential (ERP) data
have shown that metric violations (i.e., incorrectly
stressed words) in a sentence elicit a P600 component
that is comparable to the P600 evoked by syntactic violations (Magne, Astesano, Aramaki, Ystad, KronlandMartinet, & Besson, 2007, Cereb Cortex, 17, 2659–2668;
Schmidt-Kassow, & Kotz, 2009). There is also evidence that
French speakers cannot discriminate between two stimuli that vary in stress position (Dupoux, Sebastian-Galles,
Navarrete, & Peperkamp, 2008, Cognition, 106, 682–706).
This “stress deafness” appears to be persistent even in late
advanced French non-native speakers of Spanish.
Here, we tested whether late but proficient French nonnative speakers of German can perceive stress pattern
violations in metrically regular German sentences when
asked to judge metric homogeneity. All participants
were able to proficiently produce German word stress in
a sentence. We predicted that (i) late French-German L2
speakers fail to show a P600 in response to stress pattern
violations if they are “stress deaf”, and that (ii) persistent
“stress deafness” should affect syntactic processing (see
P600 interaction effect of meter and syntax, SchmidtKassow, & Kotz, 2009).
Our results are twofold: Half of the French-German L2
speakers were highly accurate in judging metric homogeneity, and showed metric and syntactic P600 effects
that were comparable to German monolinguals. Poor
performers failed to show a metric P600 as well as a syntactic P600 effect. The results reveal that “stress deafness”
is not obligatorily persistent in late French-German L2
speakers. However, in cases of “stress deafness”, this phe-
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Figure 5.4.4  Good (7 participants) versus Poor (6 participants) performers: ERPs elicited by the critical item (main verb) in the syntactic (1), and
the metric (2) violation condition. Waveforms show the average for the
correct (blue) and the particular violation (red) condition from 100 ms
prior to the item onset up to 1500 ms.
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The human orienting response to emotional vocalizations of different
species: Evolution versus experience

5.4.5

Hasting, A. S. 1, Scheumann, M. 2, Zimmermann, E. 2, & Kotz, S. A. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
2 Institute for Zoology, University of Veterinary Medicine, Hanover, Germany
Since Darwin (1892), it has been postulated that emotional expressions contain universals that are retained across
species by evolutionary mechanisms. A recent fMRI study
(Belin, Fecteau, Charest, Nikastro, Hauser, & Armony, 2008,
Proc R Soc B, 275, 473–481) showed that emotional animal vocalizations activate the same neuronal network
as human emotional vocalizations, thus providing first
evidence of a shared emotional system across species.
However, it is to date unclear whether cross-specific perception of emotional vocalizations is actually based on a
phylogenetic relation, or whether it is effected by experience (i.e., the familiarity of the acoustic signals). To answer
this question, we investigated event-related potential
(ERP) correlates of the human orienting response to affiliative and agonistic vocalizations of human babies, chimpanzees, dogs, and tree shrews. These were presented as
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novels in a novelty oddball paradigm and subsequently
rated for valence, arousal and familiarity. ERPs to novels
showed the typical pattern of an orienting response
comprising N1, MMN, P3a and P3b components. In the
MMN time window, an emotion effect was observed for
baby and chimpanzee vocalizations that was absent for
the other species. Regression analyses showed that the
mean amplitude in this time window could be predicted
by the participants’ valence and arousal ratings. In contrast, the P3a amplitude varied as a function of familiarity
rather than emotional content.
In sum, these findings show that early automatic processes of deviance detection may be influenced by evolutionally retained mechanisms of emotion perception,
whereas the extent of attentional orienting is mainly
modulated by the prior experience with a given stimulus.
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Figure 5.4.5  Differential influence of emotional content and familiarity on the human orienting response. (A) ERPs to affiliative (red) vs. agonistic (blue) vocalizations
of babies, dogs, chimpanzees, and tree
shrews at electrode Pz, with significant
effects for baby and chimpanzee in the
MMN and for tree shrew in the P3a time
window (shaded). (B) Mean amplitude
of the eight conditions at Pz in the MMN
time window as a function of Valence
(r2 = 0.43; p = 0.08). (C) Mean P3a amplitude of the eight conditions at Pz as a
function of Familiarity (r2 = 0.86; p < 0.001).

Predicting neural brain signatures of auditory emotional expressions

5.4.6

Kotz, S. A. 1*, Kalberlah, C. 1*, Bahlmann, J. 1*, Friederici, A. D. 1, & Haynes, J.-D. 1,2,3,4 (*equally contributing authors)
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
2 Bernstein Centre for Computational Neuroscience, Charité University Medicine, Berlin, Germany
3 Department of Neurology, Otto von Guericke University Magdeburg, Germany
4 Graduate School of Mind and Brain, Humboldt University Berlin, Germany
In social communication, the decoding of emotional
expressions is highly relevant for behavioural adaptation. For example, when listening to auditory emotional

expressions, we have to (i) decode specific acoustic feature constellations (i.e., speech rate, variability in fundamental frequency, intensity, voice quality), and (ii) assign
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and evaluate emotional significance (Schirmer, & Kotz,
2006, Trends Cog Sci, 10, 24–30; Wildgruber, Ackermann,
Krelfelts, & Ethofer, Prog Brain Res, 156, 285–294). One major drawback of classical fMRI analyses, however, is that
the valence of auditory emotional expressions cannot be
differentiated. Thus, the question remains whether current brain activity alone can tell us how a listener perceives and categorizes different auditory emotional expressions. By means of multivariate pattern classification
(see Haynes, & Rees, 2006, Nat Rev Neurosci, 7, 523–534),
we investigated ways to decode and predict a listener’s
percept of different emotional expressions from functional magnetic resonance imaging (fMRI) data. Results
for all emotional expressions reveal distributed neural
patterns in the right hemisphere including the frontoright hemisphere

opercular cortex, the anterior insula, and the anterior to
posterior extension of the superior temporal gyrus/sulcus (STG/STS). In the left hemisphere, patterns clustered
in the anterior to posterior portions of the middle temporal gyrus (MTG), and the left cerebellum. Most strikingly, we found distinct “fingerprints” in the right frontoopercular/insular cortex for angry emotional expressions,
and in the right inferior frontal gyrus (IFG) for expressions
of surprise. Our results provide compelling empirical evidence of how the brain uses computation to shape differentiated representations of emotional expressions in
speech perception.
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Figure 5.4.6  Decoding pattern for all emotional vocal expressions shown in a left
and right sagittal view. Below: decoding
accuracies for pairwise comparisons of the
emotional vocal expressions.
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5.5

Independent Junior Research Group
“Neurotypology”

The primary aim of the Neurotypology group is to model cross-linguistic unity and diversity in the neurocognition of language comprehension. To this end, the first
half of the group’s term of operation (2005–2007) was
used to establish a cross-linguistic neurocognitive model
of language comprehension, the extended Argument
Dependency Model (eADM; Bornkessel, & Schlesewsky,
2006, Psychol Rev, 113, 787–821), on the basis of data from
a range of languages. The years 2008 and 2009 saw a
continuation of this model-oriented line of research from
a substantially broader perspective.
A first line of research was concerned with the explanatory and predictive capacity of the eADM. We were able
to demonstrate that the model architecture straightforwardly accounts for electrophysiological findings
on English and Dutch (“semantic P600” effects) which
have been claimed to challenge established models of
language comprehension (Bornkessel-Schlesewsky, &
Schlesewsky, 2008a). We further showed that, as predicted by the model, semantic P600s only occur in languages
of certain types and that the cross-linguistic variation in
their occurrence can thus be used to classify languages
via their neurocognitive processing signatures (see 5.5.1).
Further converging support for the predictive capacity
of the model architecture is provided by the observation that it can potentially explain patterns of language
change (e.g., Wang, Schlesewsky, Bickel, & BornkesselSchlesewsky, 2009).

A second major line of research has focused on how
the eADM’s representational assumptions – and particularly the central concept of “actorhood” – may relate to
aspects of general cognition. We have approached this
question by examining whether actorhood can be decomposed into more primitive categories (see 5.5.2) and
to what degree the notion of an optimal actor may be
related to aspects of social cognition (see 5.5.3).
The theoretical investigations outlined above have been
flanked by methodologically-oriented projects, for example, the concurrent recording of EEG and eye movements during natural reading (see 5.5.4).
In addition to these new and broader research foci, we
have continued to pursue the language-internal extension and validation of the eADM architecture using new
languages (e.g., Chechen) and new linguistic domains
(e.g., pragmatics). Furthermore, cross-linguistic fMRI studies are currently being carried out in order to validate the
model’s neuroanatomical assumptions.

Independent Junior Research Group “Neurotypology”

Cross-linguistic variation in semantic P600 effects: Evidence for a new
perspective on the syntax-semantics interface and a neurophysiological
basis for language classification

5.5.1

Bornkessel-Schlesewsky, I. 1,2, & Schlesewsky, M. 3
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
2 University of Marburg, Germany
3 Johannes Gutenberg University Mainz, Germany
The long-standing assumption of a direct correspondence between event-related potential (ERP) components and linguistic subdomains (e.g., N400 = semantics;
P600 = syntax) has become increasingly controversial in
recent years, with N400 effects observed in response to
manipulations that would typically be considered syntactic and P600 effects elicited by semantic manipulations (e.g., The hearty meals were devouring...). These
observations either call into question the informativity
of ERP components for linguistic distinctions, or suggest
that the functional subdivisions typically assumed are
empirically inadequate.
A proposal with respect to how the divisions between
syntax and semantics might be redrawn has been put
forward within the eADM. Here, interpretation is accomplished via linking principles which encompass both syntactic (e.g., case marking) and semantic (e.g., animacy)
information. Linking applies in parallel to lexical/associative processing, with the two information sources combined in a subsequent “generalized mapping” step. This
independently motivated architecture can account for
semantic P600 effects in reversal anomalies in English/
Dutch (Bornkessel-Schlesewsky, & Schlesewsky, 2008a):
As linking is solely a function of argument position, an
animacy mismatch does not lead to a linking conflict. For
languages in which linking draws upon a range of information types (e.g., case, animacy), by contrast, reversal
anomalies are predicted to elicit linking-based N400 effects.
Three cross-linguistic ERP studies on animacy-induced
semantic reversal anomalies revealed that this prediction
is indeed borne out: In German, Turkish, and Chinese, this
type of processing conflict engenders an N400. In contrast to English, these languages have a free word order
and require the use of multiple information types in linking (including animacy). The data from German additionally show that the N400 is followed by a late positivity
when the conflict cannot be resolved (e.g., via word order reanalysis). A fourth experiment examined Icelandic,

a language with a strict word order but a rich case marking system. Crucially, Icelandic allows for the construction-specific manipulation of linking-relevant features
depending on verb type: With certain verbs, argument
position is the primary determinant of linking (akin to
English/Dutch); with others, case marking is most important (akin to German/Turkish). Strikingly, ERPs showed a
P600 for reversal anomalies in the former and an N400 in
the latter case (see Fig. 5.5.1).
We conclude that semantic P600s are a language-specific phenomenon, occurring only in languages of the
English/Dutch type. Furthermore, semantic P600s are
only problematic for models of language comprehension
if these are based on a classical syntax-semantics subdivision. Within the scope of the eADM, the N400-P600
distinction allows for a “neurotypological” classification
of languages with respect to their linking characteristics.
Nominative

Dative

N400

CZ

–5 µV

CZ

s

CZ

0.5

1.0

P600

L. Pos.
5

ANIM

INANIM

Figure 5.5.1  Grand average ERPs induced by semantic reversal anomalies in Icelandic (N = 20). The anomaly-inducing inanimate condition
is depicted by the dotted line whereas the animate control condition
is depicted by the solid line. The left-hand panel shows a biphasic
N400-late positivity response for sentences with nominative-subjectverbs (German/Chinese/Turkish pattern). The right-hand panel shows
a monophasic P600 response for sentences with dative-subject-verbs,
in which interpretation is determined by word order (English/Dutch
pattern).
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5.5.2

Agency identification and language processing: The decomposition of
actorhood
Frenzel, S. 1, & Bornkessel-Schlesewsky, I. 1,2
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
2 University of Marburg, Germany
The eADM postulates that a cross-linguistic universal of
language comprehension lies in the endeavour to unambiguously identify the participant primarily responsible
for the state of affairs described – the “Actor”. The ease
of Actor identification depends on prototypicality: When
the Actor is an inanimate object and thereby low in prototypicality, this is reflected electrophysiologically in an
increased N400 effect in comparison to a human Actor
(cf. Bornkessel-Schlesewsky, & Schlesewsky, 2009b). The
aim of the present study was to examine whether this
effect of Actor prototypicality can be attributed to more
fine-grained semantic dimensions.
In an initial questionnaire, 215 participants rated 180 noun
phrases on 12 seven-point Likert scales. Nine scales were
chosen based on the 3 dimensions of semantic space
(evaluation, potency, and activity) defined by Osgood
et al. (Osgood, 1957, Urbana: University of Illinois Press;
Osgood, May, & Miron, 1975, Urbana: University of Illinois
Press) as these have been shown to affect causal attributions in sentence comprehension (Corrigan, 2001, J Lang
Soc Psychol, 20, 285–320; 2002, Eur J Soc Psychol, 32, 363–
382; 2007, Appl Linguist, 28, 211–240). We further added
scales for animacy and consciousness as indicators of
humanness as well as goal-directedness (cf. Primus, in
press, Lingua). The structural equation model shown in
Fig. 5.5.2, in which goal-directedness (AIM) served as a
direct indicator of agency/actorhood (AGT), provided the
best fit to the data.

5.5.3

A subsequent ERP experiment examined whether the
item-specific AGT-scores correlated with the amplitude
of the N400 observed at the position of the Actor participant. To this end, we presented German sentence constructions such as (1):
(1) Anja fragte sich, ... (Anja asked herself)
a. ... wer        den Anwalt
eingeschaltet hat.
... whoNOM [the attorney]ACC employed has
(... who employed the attorney.)
b. ... wen       der Anwalt           verteidigt hat.
... whoACC [the attorney]NOM defended has
(... who the attorney defended.)
ERPs were time-locked to the second argument (underlined), which was either the Actor (1b) or the Undergoer
(1a) depending on word order. A linear mixed effects
model using participants and items as random factors
and word order and (item-specific) AGT-ratings as fixed
factors revealed that N400 amplitude correlated with
AGT-rating for Actor participants only. Hence, the effect
cannot be lexical in nature because identical nouns were
employed in the two word orders. Rather, this finding
provides a first indication that the evaluation of Actor
prototypicality during sentence comprehension draws
upon more primitive features such as goal-directedness.

Social factors in Actor identification and evaluation: The role of speaker
potency
Krauspenhaar, S. 1, & Bornkessel-Schlesewsky, I. 1,2
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
2 University of Marburg, Germany
Cross-linguistic findings on language comprehension
suggest that Actor identification and evaluation plays
a central role in the online composition of sentencelevel meaning (Bornkessel-Schlesewsky, & Schlesewsky,
2009b). If this is indeed the case, it appears reasonable
to assume that the defining properties of prototypical
Actorhood (e.g., goal-directedness, see 5.5.2) may be tied
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to more general characteristics of human cognition and
action. The present ERP study provides a first indication
of such a connection by indicating that the neural correlates of Actor evaluation are immediately influenced by a
social factor, namely whether the speaker has the power
to bring about the state of affairs described.
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Structural Model

latent factor
(exogenous)

Measurement Model

latent factors
(endogenous)

indicator
variables

1

gut - schlecht
(good - bad)

EVA
E
evaluation

PLE
angenehm - unangenehm
(pleasant - unpleasant)

APP
schön - hässlich
(pretty - ugly)

1

POW
1

P
1

2

potency

mächtig - machtlos
(powerful - powerless)

STR
stark - schwach
(strong - weak)

SIZ

AGT

groß - klein
(big - small)

agency

SPE

3
1

A
4

activity

schnell - langsam
(fast - slow)

AGE
jung - alt
(young - old)

VOL

laut - leise
(loud - quiet)

1

HUM
humanness

ANI
lebendig - leblos
(animate - inanimate)

CON

mit Bewusstsein ohne Bewusstsein
(with consciousness without consciousness)

AIM

zielgerichtet - ziellos
(goal-oriented - aimless)

Figure 5.5.2  Best fitting structural equation model of the questionnaire data, in which goal-directedness (AIM) serves as a direct indicator of the latent variable agency/actorhood (AGT). The model assumptions are further supported by the ERP findings, which showed that N400 amplitude at the
position of an Actor participant is modulated by the AGT-score of the noun expressing the Actor (lower AGT-scores lead to higher N400 amplitudes).

Videos of implausible political statements (e.g., The
federal government announces the withdrawal from
the NATO alliance) engendered an N400 modulation in comparison to plausible controls when uttered by a top political decision-maker (the German
Federal Minister of Finance). No such effect was observed when the same statements were made by a

high-profile non-politician (a former news anchor) or
an unknown control speaker. Furthermore, N400 effects engendered by implausible vs. plausible general
statements (e.g., Fidel Castro is a pop singer) showed no
speaker-based modulation. Crucially, the overall pattern of ERP results cannot be explained via plausibility differences, as the identity of the speaker did not
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affect end-of-sentence plausibility ratings (either for
general or for political statements).
This finding indicates that utterance interpretation is
modulated by whether the speaker is perceived as “po-

tent to act” in the domain under consideration, thus providing a first piece of evidence that Actorhood may be
subject to social evaluation.

Experiment 1 - (Minister of Finance)
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N400
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0.300 .. 0.450 s

LATE POS.

LATE POS. 0.750 .. 0.900 s

Figure 5.5.3   Grand average event-related
brain potentials (ERPs) timelocked to the critical word (onset at the vertical bar) for general and political statements in Experiment 1
(top panel) and Experiment 2 (bottom panel). For each experiment, the higher panel
shows the ERP responses for the high-profile
speaker whereas the lower panel shows the
ERP responses for the control speaker. ERPs
are depicted for two selected electrodes,
while the distribution of the N400 and late
positivity effects is shown by the topographical maps (implausible – plausible). The frame
in the top right-hand corner highlights the
selective electrophysiological response for
implausible political statements made by
the finance minister. Negativity is plotted
upwards.
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On the interdependence between eye movements and neurophysiological
responses during real time language comprehension

5.5.4

Kretzschmar, F. 1,2, Bornkessel-Schlesewsky, I. 2,3, & Schlesewsky, M. 1
1 Johannes Gutenberg University Mainz, Germany
2 University of Marburg, Germany
3 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
Over the past decades, research on the temporal properties of real time language comprehension has drawn
primarily upon data from two methods: the monitoring of eye movements (EMs), and the measurement of
event-related brain potentials (ERPs). However, progress
in psycholinguistic modelling has been impeded by the
fact that these two very widely used methods often appear to yield diverging results (cf. Sereno, & Rayner, 2003,
Trends Cogn Sci, 7, 489–493).
In order to address this issue, the present study acquired
concurrent EEG / EM measures during reading. This allowed us to examine the effect of critical properties of
natural reading on ERPs (e.g., the presence of a valid
parafoveal preview of upcoming words). We employed
an experimental manipulation which is well-established
in the ERP domain, namely antonym processing (Kutas,
& Iragui, 1998, Electroencephalogr Clin Neurophysiol,
108, 456–471; Roehm, Bornkessel-Schlesewsky, Rösler,
& Schlesewsky, 2007, J Cogn Neurosci, 19, 1259–1274). In
previous (visual and auditory) ERP studies, this type of
manipulation (1) yielded a graded N400 effect: antonyms
< related words < unrelated words.

region revealed a further N400 for the unrelated condition, which must be due to a parafoveal preview. There
was no concomitant difference in fixation times.
These findings indicate that the previously observed
N400 gradation was due to the summation of processes which occur in succession in natural reading (lexical
feature preactivation vs. antonomy evaluation). They
further demonstrate that visual information which does
not show up in the EM record is passed on to the neural
language system. A possible explanation for this finding
is that the eyes are an input-oriented processing system
which, in reading, is concerned with optimizing the information uptake of the neural language comprehension
system. Relatedness is not relevant for this optimization
(or considerably less so than predictability), since only the
predicted antonym serves to complete the sentence in a
meaningful way; both non-predicted continuations are
equally nonsensical.
First fixation −
critical word

Last fixation prior
to critical word

N400

N400

(1) Example (vertical bars indicate EM analysis regions)
Dass schwarz | das Gegenteil von | weiß/gelb/nett | ist, | …
that  black
| the opposite of | white/yellow/nice | is | …

At the critical region, EMs revealed shorter first fixations
for antonyms vs. related/unrelated words (213 vs. 233/226
ms). Later measures showed a similar pattern. The threeway distinction observed in previous ERP studies did
not manifest itself in any measure on any region. ERPs
timelocked to the first fixation on the critical region
showed comparable N400 effects (220–500 ms) for related/unrelated words vs. antonyms. The unrelated condition also showed a late positivity. Strikingly, an analysis
of ERPs timelocked to the last fixation in the pre-critical

PZ

PZ

PZ
–4 µV

0.5

s
1.0

ANT
NON
REL

Figure 5.5.4  Grand average ERPs (N = 48) time-locked to the first fixation on the critical word (left-hand panel) and to the last fixation prior
to the critical word (right-hand panel). ERPs for the predicted antonym condition (ANT) are depicted by the solid line, whereas those
for the unpredicted related (REL) and unpredicted non-related (NON)
conditions are depicted by the dashed and dotted lines, respectively.
Negativity is plotted upwards.
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6.1

Cortical Networks and Cognitive Functions

It is widely recognized among neuroscientists that higher
brain functions like language or memory rely on widely
distributed networks of brain structures. A major determinant of these networks is represented by the connections between neurons, groups of neurons, and brain
areas.
In the context of the brain, the term ‘connectivity’ encompasses three different notions: (1) the physical connectedness between brain areas and structures (i.e., the
‘hardwiring’ by nerve fibres), (2) correlations between the
time courses of activation in different brain areas (i.e., the
degree to which they represent the same information),
and (3) the influence that one area exerts over another
(i.e., the notion of causality). In order to understand the
mechanisms of brain function, one has to detect and
quantify these types of connectivity.
To do this, we pursue three major goals. First, we are developing and validating techniques for the reconstruction of nerve fibre tracts in the brain using diffusion
weighted magnetic resonance imaging (dwMRI). This involves voxel-based methods for resolving crossings and
branchings of fibres (6.1.1, 6.1.2) as well as tractography algorithms for integrating this local information (6.1.2, 6.1.3).
As an application, we applied tractography to parcellate
the cortical sheet according to its connectivity profile
(6.1.4).
Our second goal is to develop biologically inspired mathematical models for networks of neuronal populations in

order to account for the mechanisms underlying measured data, such as from electroencephalography (EEG)
and magnetoencephalography (MEG). In a first project,
we thoroughly investigated the dynamic properties of
neural mass models (6.1.5). We are also working on the
combination of these models with information on anatomical connectivity from biological studies (Nguyen
Trong, Spiegler, & Knösche, 2009, Poster presented at the
15th Annual Meeting of the Organization for Human Brain
Mapping) and dwMRI (Stephan, Tittgemeyer, Knösche,
Moran, & Friston, 2009).
As our third goal, we are developing methods to localize the sources of EEG/MEG with high precision. In particular, we are investigating improvements to the forward
solution using the finite elements method (Dannhauer,
& Knösche, 2009, Poster presented at the 15th Annual
Meeting of the Organization for Human Brain Mapping).
Moreover, since the EEG/MEG source localization problem has no unique solution, additional information has to
be employed. We proposed an algorithm that allows the
use of function-anatomical parcellations (e.g., obtained
using dwMRI) for regularizing the solution (6.1.6).
Putting these ingredients together, we hope to be able
to shed light onto some of the very complex mechanisms that make us think.

Cortical Networks and Cognitive Functions

Variational inference of the fibre orientation density using diffusion MR
imaging

6.1.1

Kaden, E. 1, Anwander, A. 1, & Knösche, T. R. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
Diffusion MR imaging has enabled the in vivo exploration of the connectional architecture in the human brain
(Le Bihan, 2003, Nat Rev Neurosci, 4, 469–480). In particular, this measuring method reveals the complex system
of long-range nerve fibres connecting the functionally
distinct areas of the cerebral cortex. Since it is not the fibres that are observed directly, but the diffusion process
of water molecules in the underlying material, a forward
model is established that maps the microgeometry of
nervous tissue onto the diffusion-weighted signals. We
propose the spherical deconvolution of the fibre orienta-

tion density in a reproducing kernel Hilbert space, thereby generalizing previous approaches that perform a truncated Fourier analysis on the sphere (Tournier, Calamante,
Gadian, & Connelly, 2004, NeuroImage, 23, 1176–1185;
Anderson, 2005, Magn Reson Med, 54, 1194–1206). The
specified inverse problem is solved within a smoothing spline framework which preserves the characteristic
properties of a density function, namely its normalization
and non-negativity. A Gaussian process model allows the
specification of confidence bands for the estimated fibre
orientation density and the rigorous selection of the hyperparameters; here, the
coronal
-13
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the constant diffusivity assumption frequentcc
cr
slf
slf
cr
ly made in the spherical
convolution methodolfx
ogy. This novel approach,
which uncovers the fibre
orientation field of white
matter, is demonstrated
R
L
with diffusion-weighted
Figure 6.1.1   Fibre orientation field exposing the radiation of the corpus callosum (cc), the corona radiata
data sets featuring high
(cr) and their crossing, shown in the coronal plane. The underlying map depicts the fractional anisotropy.
angular
resolution (Fig.
Abbreviations: cingulum (cg), fornix (fx), superior longitudinal fasciculus (slf), approximately isotropic diffu6.1.1).
sion within the white matter (*).

Deterministic and probabilistic tractography based on complex fibre
orientation distributions

6.1.2

Descoteaux, M. 1, Deriche, R. 1, Knösche, T. R. 2, & Anwander, A. 2
1 Odyssée Project Team, INRIA Sophia Antipolis – Méditerranée, France
2 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
We propose an integral concept for tractography to describe crossing and splitting fibre bundles based on the
fibre orientation distribution function (ODF) estimated
from high angular resolution diffusion imaging (HARDI)
(Descoteaux, 2008, PhD thesis, Université de Nice-Sophia

Antipolis). We show that in order to perform accurate
probabilistic tractography, one needs to use a fibre ODF
estimation and not the diffusion ODF. We use a new fibre
ODF estimation obtained from a sharpening deconvolution transform (SDT) of the diffusion ODF reconstructed
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B
from q-ball imaging (QBI) (Tuch, 2004, Magn Reson Med,
52, 1358–1372). This SDT provides new insight into the relationship between the HARDI signal, the diffusion ODF,
and the fibre ODF. We demonstrate that the SDT agrees
with classical spherical deconvolution and improves the
angular resolution of QBI. Another important contribution of this research is the development of new deterministic and new probabilistic tractography algorithms using
the full multidirectional information obtained through
use of the fibre ODF. An extensive comparison study is

C
performed on human brain data sets comparing our
new deterministic and probabilistic tracking algorithms
in complex fibre crossing regions. Finally, as an application of our new probabilistic tracking, we quantify the reconstruction of transcallosal fibres intersecting with the
corona radiata and the superior longitudinal fasciculus in
a group of 8 subjects (Fig. 6.1.2). Most current DTI-based
methods neglect these fibres, which might lead to incorrect interpretations of brain functions.

Figure 6.1.2   Probabilistic tracking
based on fibre ODF. Quantification
of the proportion of lateral fibres
(Talairach > 30) for seed points in different parts of the corpus callosum
(cc), which are typically completely
missed in DT tractography. All 8 subjects show strong lateral connectivity in the genu or the rostral body
of the cc and a second peak in the
splenium. The method finds more
than 10 % lateral fibres in large parts
of the cc.

6.1.3

Quantifying brain connectivity: A comparative tractography study
Yo, T.-S. 1, Anwander, A. 1, Descoteaux, M. 2, Fillard, P. 2, Poupon, C. 2, Tittgemeyer, M. 1,3, & Knösche, T. R. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
2 Neurospin / CEA Saclay, Gif-sur-Yvette, France
3 Max Planck Institute for Neurological Research, Cologne, Germany
In this paper, we compare a representative selection of
current state-of-the-art algorithms in diffusion-weighted magnetic resonance imaging (dwMRI) tractography, and propose a novel way to quantitatively define
the connectivity between brain regions. As criterion

for the comparison, we quantify the connectivity computed with different methods. We provide initial results using diffusion tensor (Basser, Mattiello, & Lebihan,
1994, J Magn Resonance B, 103, 247–254), spherical deconvolution (Tournier, Calamante, Gadian, & Connelly,
Figure 6.1.3  Connectograms
of DWI tractography algorithms. Connectivity values
above 10-1 are shown in red,
10-2 are in blue, and 10-3 in
green.
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2004, NeuroImage, 23, 1176–1185), ball-and-stick model
(Behrens, Woolrich, Jenkinson, Johansen-Berg, Nunes,
Clare et al., 2003, Magn Reson Med, 50, 1077–1088), and
persistent angular structure (PAS) (Jansons, & Alexander,
2003, Inverse Problems, 19, 1031–1046) along with deterministic and probabilistic tractography algorithms
(Descoteaux, Deriche, Knoesche, & Anwander, 2009) on
a human DWI dataset. The connectivity is presented

for a representative selection of regions in the brain in
matrices and connectograms. Our results show that fibre crossing models are able to reveal connections between more brain areas than the simple tensor model.
Probabilistic approaches show, on average, more connected regions but lower connectivity values than deterministic methods.

Connectivity-based parcellation of the human inferior parietal cortex: New
insights into the problem of structure-function relationships in humans
and macaques

6.1.4

Ruschel, M. 1, Anwander, A. 1, Knösche, T. R. 1, Turner, R. 1, & Geyer, S. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
We studied the connectivity-based parcellation of the
human inferior parietal cortex (IPC) in order to gain insight into the problem of structure-function relationships in humans and macaques. DWIs were acquired in
20 right-handed subjects (10 females) on a Siemens 3T
Trio Scanner with isotropic resolution of 1.7 mm (60 directions, b = 1000 s/mm², GRAPPA/2, NEX 3). Regions of
interest (ROIs) were defined interactively in both hemispheres and covered the cortex between intraparietal
sulcus, postcentral sulcus, lateral fissure, and angular gyrus. Probabilistic tractography was performed for all voxels at the grey/white matter interface within the ROI, followed by clustering into 2 ≤ n ≤ 7 regions with internally
coherent but mutually distinct connectivity (Anwander,
Tittgemeyer, von Cramon, & Friederici, 2007, Cereb Cortex
17, 816–825).
The most consistent results were obtained for N = 3, with
a rostro-caudal arrangement. The DWI tractograms indicate connections of all three regions with the lateral

premotor and lateral temporal cortices, and of the middle and caudal region with the superior parietal cortex.
Converging evidence from cytoarchitecture (Gregoriou,
Borra, Matelli, & Luppino, 2006, J Comp Neurol, 496,
422–451) and tract tracing (Rozzi, Calzavara, Belmalih,
Borra, Gregoriou, Matelli et al., 2006, Cereb Cortex, 16,
1389–1417) support a subdivision of the macaque anterior IPC into a rostro-caudal sequence of three regions
(area PF, PFG, and PG). The rostral (PF) and middle (PFG)
areas are connected with the lateral premotor cortex
(area F4 and F5), and all three areas with the intraparietal
and superior parietal cortex. Only sparse connections
exist with the temporal cortex. This similarity between
macaques and humans suggests substantial conservatism in IPC evolution between the two primate species.
However, in humans, new connections emerge, such as
between IPC and temporal cortex as part of a perisylvian
language network (Catani, Jones, & Ffytche, 2005, Ann
Neurol, 57, 8–16).

Figure 6.1.4  Parcellation of the left and right IPC of a representative subject into IPCa (red), IPCm (yellow), and IPCp (green) superimposed on a
3D-reconstruction of the pial surface; cs = central sulcus; lf = lateral fissure.
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6.1.5

Bifurcation analysis of neural mass models: Impact of extrinsic inputs on
interneurons and dendritic time constants
Spiegler, A. 1,2, Kiebel, S. J. 1, Atay, F. M. 3, & Knösche, T. R. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
2 Institute of Biomedical Engineering and Informatics, Technical University of Ilmenau, Germany
3 Max Planck Institute for Mathematics in the Sciences, Leipzig, Germany
Neural mass models (NMM) explain dynamics of neuronal populations and were designed to strike a balance
between mathematical simplicity and biological plausibility (Jansen, & Rit, 1995, Biol Cybernetics, 73, 357–366).
They are currently widely used as generative models for
non-invasive electrophysiological brain measurements,
that is, magneto- and electroencephalography (M/EEG)
(David, & Friston, 2003, NeuroImage, 20, 756–770). Here,
we systematically describe the oscillatory regimes, which
a NMM of a single source with extrinsic input to each sub-

population can explain. For this purpose, we used bifurcation analysis to describe qualitative changes in system
behaviour in response to quantitative input changes. This
approach allows us to describe sequences of oscillatory
regimes, given some specific input trajectory. We systematically classified these sequential phenomena and
mapped them onto parameter space. This analysis suggests a principled scheme of how complex M/EEG phenomena can be modelled parsimoniously on two timescales: While the system displays fast oscillations, it slowly

Figure 6.1.5  Analysis of the dynamic behaviour of a neural mass model. Top row: bifurcation diagrams for different levels of input at the inhibitory
interneurons (middle row). The bifurcation diagrams show the stationary states of the system (solid – stable; dotted – unstable), plotted against
the input to the pyramidal cells, expressed as amplitude of the associated postsynaptic potentials. v1T, v2T, v3T – extrinsic input to excitatory/
inhibitory interneurons and pyramidal cells; τe, τi – dendritic time constants of the excitatory/inhibitory synapses, E[⋅] – expectation value; D[⋅] –
standard deviation. The expectation value of the input to the pyramidal cells is indicated by the blue line. Bottom row: membrane potential of
the pyramidal cells, caused by the input trajectory to the inhibitory interneurons as shown in the middle row. The system traverses qualitatively
different states of dynamic behaviour.

206

Cortical Networks and Cognitive Functions

traverses phase space to other qualitatively different oscillatory regimes, depending on the input dynamics (see
Fig. 6.1.5). The resulting approach is useful for applications where one needs to model an ordered sequence

of switching between qualitatively different oscillatory
regimes, for example, in pharmacological interventions,
epilepsy, or context-induced state changes.

Prior knowledge on cortex organization in the reconstruction of source
current densities from EEG

6.1.6

Knösche, T. R. 1, Gräser, M. 1, & Anwander, A. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
The reconstruction of the generators of electroencephalographic (EEG) signals is important for understanding
brain processes. Since the associated inverse problem
has no unique solution, additional knowledge or assumptions have to be used.  Often, results from other anatomical or functional measurement modalities are difficult to interpret directly in terms of EEG source current
strengths, but they provide valuable information about
the functional similarity or dissimilarity between different
parts of the brain, in particular, in the form of functional parcellations. Here, we propose a novel approach to
the incorporation of such parcellations as priors into the
reconstruction of distributed current distributions from
EEG data. This approach is based on the well-known low
resolution electromagnetic tomography (LORETA) apprior
information

true
activation

minimum
norm

proach (Pascual-Marqui, Michel, & Lehmann, 1994, Int J
Psychophysiol, 18, 49–65). Two algorithms (patchLORETA 1/2) were proposed and explored using computer
simulations. While using a simplified setting, we explored
important aspects of the performance of the algorithms,
in particular, the influences of measurement noise and
incongruence between measurements and prior information. It emerged that one of the proposed algorithms
makes efficient use of the prior information provided
and, at the same time, is quite robust towards faulty priors as well as noise. It is important that this algorithm can
be extended to other types of priors and applied to more
realistic source spaces in a fairly straightforward fashion.  
This will be addressed in future studies.

LORETA

patch
LORETA 1

patch
LORETA 2

Figure 6.1.6  Reconstructions using standard minimum, LORETA, as well as the newly developed methods. The source dipoles are radial. Row 1
shows the reconstruction with correct, the other two rows with incorrect prior information. It can be seen that both patchLORETA methods profit
from correct prior information, while only patchLORETA 1 is relatively immune to wrong priors. In the latter case, the result of patchLORETA 1 is
comparable to LORETA without any prior information.

207

Cortical Networks and Cognitive Functions

Congresses, Workshops, and Symposia
2008

Knösche, T. R. (June). Connectivity in the Brain. Workshop. Max Planck Institute for Human Cognitive and
Brain Sciences, Leipzig, Germany.
Knösche, T. R., & Okamoto, H. (August). Modulation of Auditory Processing Revealed by MEG. Symposium.
International Conference on Biomagnetism (BIOMAG 2008), Sapporo, Japan.
Knösche, T. R., & Haueisen, J. (September). Reconstruction of sources of electrophysiological signals.
Workshop. 3rd International Summer School on Biomedical Engineering, University of Technology
Ilmenau & Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany.

2009

Knösche, T. R. (June). Konnektivität im Gehirn [Connectivity in the Brain]. Workshop. 35. Arbeitstagung
Psychophysiologie und Methodik [35th Meeting on Psychophysiology and Methods], University of
Leipzig Germany.
Atay, F. M., & Knösche, T. R. (July). Modeling Neural Mass Action in Brain Networks Using Differential Equations.
Workshop. 18th Annual Computational Neuroscience Meeting, Berlin, Germany.
Anwander, A. (August). Brain Networks. Symposium. 4th International Summer School in Biomedical
Engineering, Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany.
Knösche, T. R., & Haueisen, J. (August). Brain Connectivity and Information Transfer. Workshop. 4th
International Summer School on Biomedical Engineering, Max Planck Institute for Human Cognitive and
Brain Sciences, Leipzig, Germany.

Publications
Books and Book Chapters
Hlawitschka, M., Weber, G. H., Anwander, A., Carmichael, O. T.,
Hamann, B., & Scheuermann, G. (2009). Interactive volume rendering of diffusion tensor data. In D. H. Laidlaw, & J. Weickert
(Eds.), Mathematics and visualization. Visualization and processing of tensor fields: Advances and perspectives (pp. 161–176).
Berlin: Springer.

Yo, T.-S., Anwander, A., Descoteaux, M., Fillard, P., Poupon, C., &
Knösche, T. R. (2009). Quantifying brain connectivity: A comparative study of tractography. In Lecture Notes in Computer Science:
Vol. 5761. MICCAI 2009, Part I (pp. 889–893). Heidelberg: Springer.

Neuhaus, C., & Knösche, T. R. (in press). Phrase boundary perception in music – Neurocognitive methods and results. In T.
Ertelt (Ed.), Mathematical and computational musicology. Berlin:
Springer.

Published Papers
Descoteaux, M., Deriche, R., Knösche, T. R., & Anwander, A.
(2009). Deterministic and probabilistic tractography based on
complex fiber orientation distributions. IEEE Transactions on
Medical Imaging, 28(2), 269–286.

208

Eichardt, R., Haueisen, J., Knösche, T. R., & Schukat-Talamazzini,
E. G. (2008). Reconstruction of multiple neuromagnetic sources
using augmented evolution strategies – A comparative study.
IEEE Transactions on Biomedical Engineering, 55(2), 703–712.

Appendix

Kaden, E., Anwander, A., & Knösche, T. R. (2008). Variational inference of the fiber orientation density using diffusion MR imaging. NeuroImage, 42(4), 1366–1380.

Neuhaus, C., Knösche, T. R., & Friederici, A. D. (2009). Similarity
and repetition – An ERP study on musical form perception.
Annals of the New York Academy of Sciences, 1169, 485–489.

Lenglet, C., Campbell, J. S. W., Descoteaux, M., Haro, G., Savadjiev,
P., Wassermann, D., Anwander, A., Deriche, R., Pike, G. B., Sapiro,
G., Siddiqi, K., & Thompson, P. (2009). Mathematical methods
for diffusion MRI processing. NeuroImage, 45(1, S. 1), S111–S122.

Rullmann, M., Anwander, A., Dannhauer, M., Warfield, S. K.,
Duffy, F. H., & Wolters, C. H. (2009). ������������������������������
EEG source analysis of epileptiform activity using a 1mm anisotropic hexahedra finite element head model. NeuroImage, 44(2), 399–410.

Lew, S., Wolters, C., Anwander, A., Makeig, S., & MacLeod, R.
S. (2009). Improved EEG source analysis using low resolution
conductivity estimation in a four-compartment finite element
head model. Human Brain Mapping, 30(9), 2862–2878.

Sammler, D., Koelsch, S., Ball, T., Brandt, A., Elger, C. E., Friederici,
A. D., Grigutsch, M., Knösche, T. R., Wellmer, J., Widman, G., &
Schulze-Bonhage, A. (2009). Overlap of musical and linguistic
syntax processing: Intracranial ERP evidence. Annals of the New
York Academy of Sciences, 1169, 494–498.

Makuuchi, M., Bahlmann, J., Anwander, A., & Friederici, A. D.
(2009). Segregating the core computational faculty of human
language from working memory. Proceedings of the National
Academy of Sciences of the United States of America, 106(20),
8362–8367.
Nan, Y., Knösche, T. R., & Friederici, A. D. (2009). Non-musicians‘
perception of phrase boundaries in music: A cross-cultural ERP
study. Biological Psychology, 82(1), 70–81.
Nan, Y., Knösche, T. R., Zysset, S., & Friederici, A. D. (2008). Crosscultural music phrase processing: An fMRI study. Human Brain
Mapping, 29(3), 312–328.

Schultz, T., Sauber, N., Anwander, A., Theisel, H., & Seidel, H.-P.
(2008). Virtual Klingler dissection: Putting fibres into context.
Computer Graphics Forum, 27(3), 1063–1070.
Stephan, K.-E., Tittgemeyer, M., Knösche, T. R., Moran, R. J., &
Friston, K. J. (2009). Anatomically informed priors for dynamic
causal models. NeuroImage, 47(4), 1628–1638.
Solano-Castiella, E., Anwander, A., Lohmann, G., Weiss, M.,
Docherty, C., Geyer, S., Reimer, E., Friederici, A. D., & Turner,
R. (2009). Diffusion tensor imaging segments the human
amygdala in vivo. NeuroImage. Advance online publication.
doi:10.1016/j.neuroimage.2009.11.027.

Neuhaus, C., & Knösche, T. R. (2008). Processing of pitch and
time sequences in music. Neuroscience Letters , 441(1), 11–15.

The group has presented its work at national and international conferences resulting in 20 published abstracts.

Index of Published Figures
Figure 6.1.1
Kaden, E., Anwander, A., & Knösche, T. R. (2008). Variational inference of the fiber orientation density using diffusion MR imaging. NeuroImage, 42(4), 1366–1380.

Figure 6.1.3
Yo, T.-S., Anwander, A., Descoteaux, M., Fillard, P., Poupon, C., &
Knösche, T. R. (2009). Quantifying brain connectivity: A comparative study of tractography. In Lecture Notes in Computer Science:
Vol. 5761. MICCAI 2009, Part I (pp. 889–893). Heidelberg: Springer.

Figure 6.1.2
Descoteaux, M., Deriche, R., Knösche, T. R., & Anwander, A.
(2009). Deterministic and probabilistic tractography based on
complex fiber orientation distributions. IEEE Transactions on
Medical Imaging, 28(2), 269–286.

209

6.2

MEG and EEG: Signal Analysis and Modelling

During the past two years, our group has continued to
work on methodological developments for MEG data
analysis as well as conducting and analyzing experiments
in the field of cognitive neuroscience.
We conducted a variety of experiments (e.g., on the processing of language, basic auditory processing, visual processing). Using the mismatch negativity design and word
pairs, we were able to demonstrate that activity in the left
superior temporal gyrus including the auditory cortex is
modulated by syntactic correctness and not by familiarity (2.1.7, Department of Neuropsychology). An important advancement in MEG localization procedures is to
include either structural or functional connectivities between regions involved in the task concerned. Dynamic
causal modelling (DCM) was applied to investigate the
interplay between six cortical regions and a subcortical
region (thalamus) during language processing. Model
comparisons underlined the importance of a thalamic
source as modulator of the inter- and intrahemispheric
connections between the anterior superior temporal
gyrus and the frontal operculum (6.2.1). Comparative
research of language and music may answer questions
about the specificity of the observed effects. A recent
study comparing finite state and phrase structure gram-

mar using musical pieces was able to demonstrate that
phrase structure grammar elicits a similar positivity as in
the previous language study. Interestingly, results did not
fully replicate the results of the language study, indicating a mixture of shared and specific resources (6.2.2).
Perceptual decision-making was investigated by presenting degraded pictures of faces and houses and by asking
subjects to classify the stimuli as quickly, or as accurately,
as possible. The left intraparietal lobule and the left middle frontal gyrus showed higher activity within the accuracy task (6.2.3).
Within the (EU-funded) joint SimBIO research project (SimBio – A Generic Environment for Bio-numerical
Simulation; http://www.it.neclab.eu/simbio/), it was
demonstrated that finite element modelling (FEM) of a
patient’s head including the anisotropic conductivity
profile of the skull as well as the conductivity of the cerebro-spinal fluid allows very precise and consistent modelling of epileptic activity (6.2.4). Monte-Carlo simulations
on localization results using varying numbers of trials per
average allowed us to test the limits of low signal-tonoise ratio data sets (6.2.5).
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Functional connectivity within the language network: Dynamic causal
modelling with MEG

6.2.1

David, O. 1, Maess, B. 2, Eckstein, E. 2, & Friederici, A. D. 2
1 Grenoble Institut des Neuroscience, INSERM U 836, France
2 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
Our study investigated the interplay of syntactic and prosodic information processing during language compre-
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tactically incorrect, prosodically incorrect, or syntactically
and prosodically incorrect (Eckstein, & Friederici, 2006, J
Cogn Neurosci, 18, 1696–1711). Averaged MEG data were
subjected to DCM analysis. DCM priors for the activity
centres were taken from previous functional imaging
studies. We included six cortical regions in the analysis:
Heschl’s gyrus (HG), the (anterior part of the) superior
temporal cortex (STG), and the frontal opercular cortex
(FOP) of both hemispheres. A number of recent studies
have indicated the importance of the basal ganglia and
the thalamus for language processing. Therefore, we also
tested the influence of such a deep but magnetically
silent source. According to current knowledge on the
structural connectivity between these regions, we defined the following functional connections in all models:
Within each hemisphere, HG connects to STG and STG to
FOP. Fifteen different models, which differed with respect
to their connections between the hemispheres and their
connections to the thalamus, were tested (cf. Fig. 6.2.1A).
Model comparison supported most models which had

6.2.2

connections to the thalamus from all six cortical regions
and temporal as well as frontal interhemispheric connections via the corpus callosum (Fig. 6.2.1B). DCM modelling stresses the role of the thalamo-cortical loop as a
modulator of the STG and FOP crosstalks within each
hemisphere as well as between the hemispheres. For
syntactic violations, a significant increase in connectivity
strength was observed mostly for the left hemispheric
connections to the thalamus (Fig. 6.2.1C). Prosodic incongruencies strengthened STG-Thalamus connections
while again weakening the direct interhemispheric connection. In conclusion, using DCM, we were able to model the spatio-temporal evolution of brain activity during
language processing. Furthermore, the crucial role of the
thalamus within the language network was demonstrated.

Recursive rules and linear grammar types: Can linguistic concepts be
transposed to music structure?
Neuhaus, C. 1, Knösche, T. R. 1, Bahlmann, J. 1, & Friederici, A. D. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
In recent years, comparative brain research on language and music has attracted growing interest. We approached this issue by transposing an artificial grammarlearning paradigm from language to music. In language
(Bahlmann, Gunter, & Friederici, 2006, J Cogn Neurosci,
18, 1829–1842), sequences were built with two syllable
types following either Phrase Structure Grammar (PSG)
or Finite State Grammar (FSG).
Sequences were transposed to music using isochronous
pitch patterns made of eight tones, two interval classes, and two pitch directions. PSG sequences were constructed as “3rd up/6th up/6th down/3rd down”, and FSG sequences as “3rd up/3rd down/6th up/6th down” (Fig. 6.2.2A).
Event-related potentials were measured for each grammar type separately while non-musicians identified the
correct standards among four deviant types.
Results: (1) Low-level grouping differed between grammar types. PSG standard sequences were processed as
4-item-chunks as indicated by an N1 component on every pattern half. FSG standard sequences were grouped
as 2-item-chunks as shown by an N1 on the first tone of
each interval class (Fig. 6.2.2B). No comparable effects
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could be observed in the language domain using visual
stimulus presentation.
(2) PSG sequences evoked a late anterior negativity of
scaled amplitude at sequence offset. It was highest for
processing “inner part reverse contour” suggesting extra
integration efforts (Fig. 6.2.2C, top). In this respect, artificial grammar processing once again differs between music and language.
(3) Wrong intervals in the inner part of PSG sequences
elicit a parietal P300 prior to a similar P300 for reverse
contour (Fig. 6.2.2C, bottom). Both components differ
significantly in latency and may reflect effects of local integration similar to those for deviant syllables at various
sequence positions found in the language study.
We conclude that pitch sequences based on contour and
interval changes are appropriate to transpose grammar
concepts from linguistics to music.
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Figure 6.2.2  (A) Tone sequence structure according to PSG (left) and FSG (right) grammar types  (line 1: standard forms, lines 2–5: deviant forms).
(B) Grand average ERPs over the full sequence length comparing standard PSG and FSG responses. (C). Grand average ERPs over the full sequence
length comparing standard and deviant PSG grammar type.

Neural and computational basis of perceptual decision-making under time
pressure

6.2.3

Wenzlaff, H. 1,2, Bauer, M. 3, Maess, B. 4, & Heekeren, H. R. 1,5
1 Independent Junior Research Group “Neurocognition of Decision Making”, Max Planck Institute for Human
Development, Berlin, Germany
2 International Graduate Programme “Medical Neurosciences”, Charité University Medicine, Berlin, Germany
3 Institute of Cognitive Neuroscience, University College London, United Kingdom
4 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
5 Cluster “Languages of Emotion”, Free University of Berlin, Germany
Perceptual decision-making involves choosing a subjective interpretation of a stimulus from alternatives and indicating this. Decisions necessitate a trade-off between
speed and accuracy (SAT): Fast decisions are more errorprone while careful decisions take longer. Mathematical
modelling of behavioural data and single unit recordings
in monkeys suggest that sensory information is accumulated over time until a response criterion (boundary) is
reached, which then initiates a response. Lowering the
boundary accelerates decisions.
We investigated with MEG how speed vs. accuracy instructions influence human decision-making. Face or
house images were presented and subjects indicated
their decision with a left- or right-hand button press,

respectively (Fig. 6.1.3A). We report the results for face
stimuli here. As expected, when speed was emphasized,
subjects responded faster and less accurately, and the estimated boundary was lower in the diffusion model analysis (Fig. 6.2.3C). Moreover, we found the following neural correlates of SAT manipulation: (1) The left intraparietal
lobule showed greater activation both early and late
when accuracy was emphasized (Fig. 6.2.3B, Fig. 6.2.3C).
This area has been implicated in representing response
alternatives evoked by the stimulus. (2) Likewise, early
activation was higher under accuracy in the left middle frontal gyrus. Prefrontal activity has previously been
linked to the selection of competing response alternatives. (3) Later activity was higher under speed in a right
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medio-frontal area including (pre-)SMA, thought to be
involved in movement-planning. Additionally, (1–2) were
positively correlated with the boundary (Fig. 6.2.3D). We
hypothesize that the higher activity in left frontoparietal

A

areas under accuracy relates to processes of setting and
reaching a higher boundary, while higher activity under
speed in (pre-)SMA contralateral to the response might
accelerate response initiation.
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Figure 6.2.3  (A) Images of faces or houses were presented in a perceptual decision-making task.  For each trial, a cue indicated whether subjects
should answer as fast or as accurately as possible (SAT). Feedback was given when subjects responded incorrectly (accuracy) or slower than their
mean reaction time (speed). (B) The late SAT effect on the MEG amplitude 290 to 240 ms prior to the response is depicted. It was localized with a
distributed source analysis in the left inferior parietal lobule, BA 40. (C) Under speed instructions, the boundary (BO) estimation calculated with the
diffusion model from behavioural data (F = 16.52, p = 0.0019), and also the late MEG amplitude (F = 26.83, p < 6e-4, corrected for multiple comparisons across time intervals and MEG sensors), were significantly lower. (D) The MEG amplitude positively correlated with the BO (r = 0.59, p = 0.003).
The mean over conditions per subject was subtracted from the MEG amplitude to account for the variance in MEG activity between subjects.

6.2.4

EEG source analysis of epileptiform activity using a 1mm anisotropic
hexahedra finite element head model
Rullmann, M. 1, Anwander, A. 1, Dannhauer, M. 1, Warfield, S. K. 2, Duffy, F. H. 3, Maess, B. 1 & Wolters, C. H. 4
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
2 Computational Radiology Laboratory, Harvard Medical School, Boston, MA, USA
3 Department of Neurology, Harvard Medical School, Boston, MA, USA
4 Institute for Biomagnetism and Biosignalanalysis, Westphalian Wilhelm University Münster, Germany
This study evaluates whether surface electroencephalography (EEG) source analysis based on a 1 mm anisotropic finite element (FE) head model can provide ad-

214

ditional guidance for presurgical epilepsy diagnosis and
whether it is practically feasible in standard practice. A
FE volume conductor model of the patient’s head with
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special focus on accurately modelling the compartments
skull, cerebrospinal fluid (CSF), and the anisotropic conducting brain tissues was constructed using non-linearly
co-registered T1-, T2- and diffusion-tensor-magnetic resonance imaging data. The electrodes of intra-cranial EEG
(iEEG) measurements were extracted from a co-registered computed tomography image. Goal function scan,
minimum norm least squares (MNLS), standardized low

resolution electromagnetic tomography (sLORETA), and
spatio-temporal current dipole modelling inverse methods were applied to the EEG data peak of the averaged
ictal discharges. MNLS and sLORETA pointed to a single
centre of activity. Moving and rotating single dipole fits
resulted in an explained variance of more than 97 %. The
non-invasive EEG source analysis methods localized epileptic activity at the border of the lesion, a result which
was confirmed by iEEG electrodes. Source orientation was
towards the epileptogenic tissue. The correct modelling of
the highly conducting CSF
compartment and the anisotropic skull was found to be
crucial. The proposed FE forward modelling approach
confirms the practical feasibility of the approach.

Figure 6.2.4  Rotating dipole (magenta cone) fit result validated by means of the postsurgical iEEG. The
blue spheres represent the postsurgical intracranial grid and stripe electrodes, the four orange spheres
primarily received epileptic discharges. The lesion is marked in red.

Towards single trial source localization of MEG data

6.2.5

Schönherr, M. 1, & Maess, B. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
Source localization of MEG data usually comprises averaging of several trials to obtain an evoked field with
relatively high signal-to-noise ratio. Here, we examine
the stability of localization results by performing MonteCarlo-simulations with averages of very few trials and
single trials. Two hundred events of simulated data were
generated based on two parallelly oriented, simultaneously activated dipoles and were contaminated with
external noise from an empty room measurement and
spontaneous brain activity. To solve the inverse problem, we employed eLORETA (Pascual-Marqui, 2007, arXiv_0710.3341 [math-ph]). First, we localized the average
over all trials in order to determine the expected number
and position of sources. Then we estimated the positions
of the strongest peaks of successive sub-averages of N
trials and assigned them to the closest source positions
of the averaged signal. We calculated the distances between the reconstructed coordinates and the positions
of the averaged signal and thus obtained a distribution
of localization errors characterized by their median and

quartiles which are less prone to outliers than mean and
variance.
This procedure was repeated with series of sub-averages
differing in the number of averaged trials (N = 1, 2, 5, etc).
Since the localization errors are only positive, their distribution is strongly skewed. Setting a maximal tolerance of,
for example, 5 mm for the median means that 50 % of the
computed sub-averages have a localization error of less
than 5 mm. We suggest accepting the corresponding N
as the smallest number of epochs needed for stable localization. This procedure can be used to characterize the
quality of a source localization based on a few trials. Data
of this type are often recorded in psychological experiments investigating higher cognitive functions like language and in measurements with patients or children.
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Figure 6.2.5  (A) Raw data before averaging. Vertical dashed black lines mark trial onsets. (B) Average of 200 trials. The red and blue sinusoids display the strongest magnetometer channels of the simulated dipole activity without noise. (C) eLORETA localization errors for simulated data of
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6.3

Nuclear Magnetic Resonance
While the NMR Unit continues to be engaged in the development of magnetic resonance (MR) methods and
research into the underlying biophysics, the group’s support function has seen a major expansion with the integration of staff with a background in psychology and
mathematics. Support of the MR infrastructure now
comprises all aspects of neuroimaging from hardware
and acquisition techniques to experimental design as
well as image analysis.
To improve the signal-to-noise ratio (SNR) and accelerate imaging, there is interest in array coils with as many
segments as possible. We have designed a 32-channel
prototype based on a stacked combination of loops and
microstrip elements. The modular approach allows the
integration of even more elements by using multipleloop structures (6.3.1). With regard to pulse sequences, an
EPI modification dubbed DEPICTING was developed to
permit ultra-short echo times (6.3.2). Initial applications
show encouraging results in imaging at sub-millimeter
resolution and arterial spin labelling studies with unprecedented signal stability.
Functional brain mapping in regions such as the orbitofrontal cortex are typically compromised by poor SNR or
signal loss. Dual-echo fMRI might allow significant improvements here, as robustness of spin-echo EPI is combined with higher sensitivity of gradient-echo EPI (6.3.3).
BOLD-based whole-brain mapping of venous vessel size
along with information on the blood volume fraction and
vessel density was achieved using the administration of
carbogen. Subtle changes in water diffusion have been
suggested for probing activation but the method has
also created a much-debated controversy on the origin
of contrast. A potential source of error is the interaction of
diffusion-weighting and background gradients. MonteCarlo simulations verify that such bias is eliminated in a
twice-refocused spin-echo sequence (6.3.4).
Structural diffusion imaging at high resolution has been
pursued in collaboration with the Cortical Networks and

Cognitive Functions Group, revealing diffusion anisotropy in the cortex. Investigation of the complex relaxation
and exchange of water in multiple compartments aims
to characterize the brain microstructure. A cross-regularization of an inverse Laplace transform (funded within
the Marie Curie Research and Training Network FAST)
permitted the separation of a contribution attributed
to myelin water in T1 relaxograms (6.3.5). Magnetizationtransfer between protons of free water and those bound
to large molecules is a complementary effect to gather
information on myelin water. Quantitative modelling can
be achieved using matrix algebra for generating parameter maps (6.3.6).
Statistical-analysis tools were adopted to compare procedures employed for intensity normalization of PET data
and their impact on detection and differentiation of dementia, indicating that normalization has a decisive impact on the diagnostic accuracy (6.3.7). Finally, the downtime of one of the scanners undergoing an upgrade
allowed a tightly controlled investigation of potential
effects of a 3T static magnetic field on higher cognitive
functions. In view of the (postponed) draft directive of
the European Parliament and the Council of the EU on
minimum health and safety requirements regarding risks
arising from electromagnetic fields, it is of paramount
importance that no indications of safety concerns were
obtained.
The above and other projects have let to fruitful cooperation and joint publications with the Universities
of Cambridge, Cincinnati, Duke, Jena, Lyon, Münster,
Oregon Health and Science, Oxford, Paris, and Prague
not to mention collaborations with the Max Planck
Institute for Neurological Research and with the Clinic
of Cognitive Neurology, the Interdisciplinary Center
for Medical Research and the Departments of Physics,
Anesthesiology, and Nuclear Medicine of the University
of Leipzig.

Nuclear Magnetic Resonance

A modular approach to large arrays using stacked segments

6.3.1

Driesel, W. 1, & Möller, H. E. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
Phased-array radiofrequency (RF) coils are indispens- der software control. Work-bench measurements and 3T
able for improving the signal-to-noise ratio and for par- phantom imaging yielded inter-segment decoupling >20
allel imaging. There is substantial interest in novel de- dB for the loaded coil and sensitivities of the individual elsigns with as many segments as possible. We propose a ements that were consistent with scattering parameters
stacked combination of loops and microstrip transmis- and RF field distributions obtained by computer simulasion-lines (MTL), which are intrinsically orthogonal. Each tions (HFSS). Parallel imaging (GRAPPA) yielded artifactstack contains an MTL (Cu strip, 12-µm thick, 30 × 2 cm2) free images with moderate acceleration factors (R ≤ 3).
on a polypropylene plate (30 × 5 × 2
cm3) terminated by a capacitor to
A
C
D
a Cu ground plane and a loop (Cu,
5 × 20 cm2). Each segment is tuned
by a shunt capacitor and matched
to 50 Ω by two series capacitors. To
suppress common-mode currents
on the semi-rigid cable between B
1.45
E
F
coil and preamp, the cable is bent
1.10
1.40
1.35
into a 7-mm diameter, six-turn he1.08
1.30
1.25
lix. The outer shield is tuned to 123.2
1.06
1.20
1.04
MHz by a shunt capacitor. Preamp
1.15
1.10
1.02
decoupling is employed for all chan1.05
1.00
1.00
nels. During body-coil transmission,
all segments are actively decoupled
Figure 6.3.1  Single stack with 1 MTL and 4 loops (A) and 16-stack, 32-channel head coil (B); parby PIN diodes. For reception, a sub- allel imaging results (C, D) and corresponding g-matrix (E, F) with acceleration factors R = 3 (C,
set of segments can be selected un- E) and R = 4 (D, F).

Double-shot echo-planar imaging with centre-out trajectories and intrinsic
navigation (DEPICTING)

6.3.2

Hetzer, S. 1, Mildner, T. 1, & Möller, H. E. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
Echo-planar imaging (EPI) permits the acquisition of
a single image in a few tens of milliseconds. However,
high-resolution imaging is limited by transverse relaxation during the long echo train, concomitantly leading to a long echo time (TE) and a poor signal-to-noise
ratio (SNR). We propose an EPI modification dubbed
DEPICTING, which achieves drastically increased SNR at
high spatial resolution. The signal is sampled by two centre-out k-space trajectories to achieve an ultra-short TE
(<2 ms), which is independent of the acquisition-matrix
size. In addition, image blurring is reduced due to the superior point-spread function of centre-out trajectories.
By using a minimal delay between both segments, a sim-

ilar temporal efficiency as in single-shot EPI is achieved.
Inter-segment phase and intensity imperfections are
corrected with the information from both central lines,
which are subsequently averaged. Phase errors from local magnetic field gradients are corrected in k-space using a separately acquired field map.
The ultra-short TE of DEPICTING and the associated improvement in the time-course stability yields a significant
sensitivity gain in perfusion imaging. In functional perfusion imaging, an additional benefit results from the improved suppression of unwanted BOLD contrast.
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Figure 6.3.2   k-space trajectories of the DEPICTING sequence (A)
and high-resolution image (0.6 × 0.6 × 2 mm3) acquired in 345 ms (B).
Comparison of DEPICTING (C, top panel) and single-shot EPI (C, bottom panel) for measuring cerebral blood flow (CBF) by continuous arterial spin labelling (1.5-mm isotropic voxels) demonstrating the sensitivity gain achieved with DEPICTING (doubling of the number of voxels
with significant perfusion-related signal change).

Single-shot dual-echo EPI for improved fMRI in the presence of magneticfield inhomogeneities
Mildner, T. 1, Schwarzbauer, C. 2,3, Heinke, W. 4, Brett, M. 5, & Deichmann, R. 6
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
2 Medical Research Council, Cognition and Brain Sciences Unit and Department of Psychiatry, University of
Cambridge, United Kingdom
3 Aberdeen Biomedical Imaging Centre, University of Aberdeen, United Kingdom
4 Department of Anesthesiology and Intensive Care Therapy, University of Leipzig, Germany
5 Helen Wills Neuroscience Institute, University of California at Berkeley, CA, USA
6 Brain Imaging Center, Johann Wolfgang Goethe University Frankfurt, Germany
fMRI studies of orbitofrontal cortex are often compromised by susceptibility artifacts, resulting in signal loss
in gradient-echo (GE) EPI. Spin-echo (SE) EPI is robust
against this signal loss, but its general BOLD sensitivity
is lower. We used a dual-echo EPI sequence for simultaneous acquisition of GE and SE images. Following a 90°
excitation pulse, a GE image was acquired with an echo
time (TE) of 30 ms. A 180° pulse was then applied to re-
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GE-EPI (CGE) was considerably higher than in SE-EPI (CSE)
in most brain regions. This well-founded finding is due to
the SE contrast mechanism, which eliminates BOLD contributions from static spin dephasing. SE-EPI provided
higher BOLD sensitivity than GE-EPI
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Figure 6.3.3  Comparison of GE and SE-BOLD
contrast displayed in MNI standard space.
Areas with CSE > CGE are colour-coded using
a linear scale of Z-scores. The magnitude of
the average susceptibility gradient is superimposed as a contour plot ranging from 40 to
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terior inferior temporal cortex, and parts of the lateral cerebellum. Dual-echo fMRI benefits from the robustness of
SE-EPI in critical regions while utilizing the sensitivity of

GE-EPI in other areas. It thus provides an attractive strategy for fMRI if optimum sensitivity in both types of brain
regions is required.

BOLD background gradient contributions in diffusion-weighted fMRI

6.3.4

Pampel, A. 1, Jochimsen, T. H. 1,2, & Möller, H. E. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
2 Medical Physics Group, Institute for Diagnostic and Interventional Radiology, University Hospital Jena, Germany
fects, especially if the signal originates from the vicinity of
small vessels. This bias will increase with increasing field
strength, which strongly suggests this sequence should
be avoided in dfMRI.
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Cross terms between diffusion-weighting (DW) gradients
and background gradient fields around vessels have an
impact on apparent diffusion coefficient (ADC) measurements and diffusion-weighted fMRI (dfMRI). For further
quantitative analysis, we used Monte-Carlo simulations
with a large number of random walks in a vascular model. This model consists of a set of independent, randomly
oriented, infinite cylinders whose internal magnetic susceptibility varies as the state changes between rest and
activation.
Cross terms result in the observation of a functional ADC
increase accompanied by a descending percent signal
change with increasing DW. The twice-refocused spinecho (TRSE) sequence permits sufficient yet not total
suppression of such effects, which are commonly seen
with the traditional spin-echo (SE) sequence. Even if the
TRSE sequence is used with parameters violating the condition for cross-term suppression, the impact is comparable to that obtained under optimized conditions. Cross
terms do not cause an ADC decrease during neuronal
stimulation. However, in SE experiments, the impact of a
minute ADC decrease is strongly biased by cross-term ef-
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Figure 6.3.4  Percent signal change as calculated from simulated TRSE
and SE data as a function of vessel radii; calculated at b-values 0, 600,
1200, 1800, and 2400 s/mm2.

Myelin-water fraction determined from cross-regularized T1 relaxograms

6.3.5

Labadie, C. 1,2, Lee, J. H. 3, Jarchow, S. 4, Rooney, W. D. 5, Springer, C. S. 5, & Möller, H. E. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
2 Faculty of Physics and Earth Science, University of Leipzig, Germany
3 Biomedical Engineering, University of Cincinnati, OH, USA
4 Department of Radiology, University of Münster,  Germany
5 Oregon Health and Science University, Portland, OR, USA
The relaxation of water in white and grey matter (WM,
GM) has been considered mono-exponential due to
fast water exchange across the axon membrane. With a
spatial regularization (cross-regularization) of an inverse
Laplace transform, it was possible to compute a highresolution T1 distribution using a Look-Locker acquisition of 32 images geometrically covering a wide range

of inversion times. Cross-regularization was achieved by
imposing pixel-connectedness in a sliding 5 × 5 pixels
neighbourhood with T1 relaxograms made of 32 logarithmically spaced points. The cross-regularized T1 relaxogram of WM exhibits a small contribution at 100–200 ms
attributed to myelin water. The intensity of this peak displays a field dependency. Maps of the myelin-water frac-

221

Nuclear Magnetic Resonance

tion (MWF, i.e., the myelin-water peak area divided by the
total relaxogram area) show an apparent increase with
field strength. This suggests that myelin water might be
in slow exchange at 7T as a result of a faster T1 increase in
free water as compared to water in direct contact with
the membrane of the tight myelin sheath. A histogram

A

analysis of the MWF shows two peaks for GM and WM, effectively enabling their segmentation. The T1-based MWF
map could be a candidate for imaging changes in water
exchange between the myelin sheath and the axon.
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Figure 6.3.5  Relaxograms of a healthy volunteer obtained at 3T and
7T (A), myelin water fraction map (B), and bimodal histogram of the
myelin-water fraction at 7T (C).

Quantitative magnetization-transfer imaging
Müller, D. K. 1, Pampel, A. 1, Mildner, T. 1, & Möller, H. E. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
Detailed information about tissue composition including macromolecules could be valuable for assessing
pathology. Unfortunately, protons bound to immobile
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macromolecules cannot be imaged directly, due to their
extremely short T2 However, such information can be obtained indirectly from magnetization-transfer (MT) ex-
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Figure 6.3.6  Fits of the experimental data recorded in white matter with continuous or pulsed irradiation with different power levels and offset
frequencies (A), quantitative parameter maps of the pool-size ratio (assumed to reflect myelin content [B]), and the T2 relaxation time of the macromoalecular pool (C).
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periments, in which the effect of a perturbation of the
macromolecular resonance on the free water pool is observed. For continuous-wave (cw) irradiation, straightforward estimations of MT parameters are obtained from
the steady-state solution to the McConnell equations.
Pulsed saturation is more easily implemented but requires substantially more complex mathematical descriptions. We present an efficient strategy for fitting MT data

using matrix algebra for solving the McConnell equations. For verification, measurements comparing cw and
pulsed saturation were acquired in vitro and in vivo. The
obtained parameters assuming the usual two-pool tissue
representation agreed well. The new fitting approach is
applicable to arbitrary pulse sequences requiring minimal approximations.

Differential effects of global and cerebellar normalization on detection and
differentiation of dementia in FDG-PET studies

6.3.7

Dukart, J. 1, Müller, K. 1, Horstmann, A. 1, Vogt, B. 1, Frisch, S. 2, Barthel, H. 3, Becker, G. 3, Möller, H. E. 1, Villringer, A. 1,2,
Sabri, O. 3, & Schroeter, M. L. 1,2
1 Max-Planck-Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
2 Clinic of Cognitive Neurology, University of Leipzig, Germany
3 Department of Nuclear Medicine, University Hospital Leipzig, Germany
[18F]fluorodeoxyglucose (FDG) PET is frequently used to
improve the differential diagnosis of dementia. However,
there is no consensus about the reference area for intensity normalization. Here, we compared the two most
commonly used normalization methods with regard to
detection and differentiation of dementia syndromes in
patients with early Alzheimer’s disease (AD, N = 19) and
with early frontotemporal lobar degeneration (FTLD,
N = 13). Ten subjects complaining of memory impairment, which had not been confirmed by comprehensive
clinical testing, served as controls. Images were normalized to either the cerebral or the cerebellar metabolic
rate for glucose. Differences in relative regional glucose
metabolism were assessed by voxelwise comparison.

The two normalization procedures revealed remarkable
differential effects. Whereas cerebellar normalization was
superior in identifying dementia patients as compared
to controls, cerebral normalization yielded better results
for differential diagnosis between AD and FTLD. Relative
hypermetabolism in comparison to the control group
was only detected by global normalization. The results
indicate that normalization has a decisive impact on diagnostic accuracy in dementia. While cerebellar normalization seems to be more sensitive for early diagnosis,
cerebral global normalization might be superior for differential diagnosis of dementia syndromes.

Figure 6.3.7  Left: Reduced relative glucose metabolism (p < 0.001 uncorrected, extent threshold ≥ 30 voxels) in patients with AD (red) and in
patients with FTLD (blue) relative to control subjects with normalization to the cerebellar and to the cerebral (global) metabolic rate of glucose.
Right: Reduced glucose metabolism in FTLD (blue) relative to AD patients and in AD (red) relative to FTLD patients normalized to the cerebellar
or to the cerebral metabolic rate for glucose.
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7.1  
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The Department of Cognitive Neurology under the direction of D. Yves von Cramon officially came to an end
in July 2008. D. Yves von Cramon has moved on to work
as Managing Director of the Max Planck Institute for
Neurological Research in Cologne and is concurrently
Emeritus at the Max Planck Institute for Human Cognitive
and Brain Sciences (MPI CBS) in Leipzig. He has, and will,
continue(d) many of his research projects in collaboration with, or at, the MPI CBS. Most PhD projects supervised by D. Yves von Cramon at the MPI CBS have now
been successfully completed.

The following pages present a selection of these ongoing collaborations and finished doctoral projects. The
main focus of this research is on the prefrontal cortex,
with individual studies investigating diverse subjects
ranging from decision-making (7.1.1), sequence processing (7.1.2), relation processing (7.1.3), error monitoring
(7.1.4), influence of genetics on learning (7.1.5), and mental state processing (7.1.6) to how the brain differentially
deals with semantic and episodic information (7.1.7).*

* For more detailed information on D. Yves von Cramon’s current
research projects, see also the Research Report of the Max Planck
Institute for Neurological Research, Cologne.
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Striatum and pre-SMA facilitate decision-making under time pressure

7.1.1

Forstmann, B. U. 1, Dutilh, G. 2, Brown, S. 3, Neumann, J. 4, von Cramon, D. Y. 4,5, Ridderinkhof, K. R. 1, & Wagenmakers, E. J. 2
1 Department of Psychology, University of Amsterdam, the Netherlands
2 Department of Psychological Methodology, University of Amsterdam, the Netherlands
3 School of Psychology, University of Newcastle, Australia
4 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
5 Max Planck Institute for Neurological Research, Cologne, Germany
Human decision-making almost always takes place under time pressure. When people are engaged in activities such as shopping, driving, or playing chess, they have
to continually balance the demands for fast decisions
against the demands for accurate decisions. In the cognitive sciences, this balance is thought to be modulated
by a response threshold, the neural substrate of which
is currently subject to speculation. In a speed decisionmaking experiment, we presented participants with cues
that indicated different requirements for response speed.
Application of a mathematical model for the behavioural
data confirmed that cueing for speed lowered the response threshold. Functional neuroimaging showed that
cueing for speed activates the striatum and the pre-sup-
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plementary motor area (pre-SMA), brain structures that
are part of a closed-loop motor circuit involved in the
preparation of voluntary action plans (Fig. 7.1.1). Moreover,
activation in the striatum is known to release the motor
system from global inhibition, thereby facilitating faster
but possibly premature actions. Finally, the data show
that individual variation in the activation of striatum and
pre-SMA is selectively associated with individual variation in the amplitude of the adjustments in the response
threshold estimated by the mathematical model. These
results demonstrate that when people have to make decisions under time pressure their striatum and pre-SMA
show increased levels of activation.
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Figure 7.1.1  (A) Stronger activation is found in the basal ganglia (anterior striatum) and pre-SMA during accelerated compared to accurate decision-making. (B) Individual variation in the activation of striatum and pre-SMA is selectively associated with individual flexibility to adjust response
thresholds.
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7.1.2

Processing violations of sequential and feature regularity
Bubic, A. 1,2, Bendixen, A. 2, von Cramon, D. Y. 1,3, Jacobsen, T. 2, Schröger, E. 2, & Schubotz, R. I. 1,3
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
2 Cognitive and Biological Psychology, Institute of Psychology I, University of Leipzig, Germany
3 Max Planck Institute for Neurological Research, Cologne, Germany
these events were explored using event-related potentials of EEG. The results obtained showed a degree of similarity in detecting the two deviant types, both of which
elicited N2b and P3b ERP components. However, in line
with the fMRI results, significant differences were identified across different stages of their processing.
As was expected, only feature deviants elicited an N1 enhancement. Furthermore, N2b and P3b responses elicited by sequential and feature deviants differed in their
latency and topography and, in the case of P3b, amplitude. A more anterior distribution for SPT may be related to the fact that matching predictions and incoming
stimuli in this context were based on more complex relations of neighbouring stimuli. The identified differences
across several stages of processing of the two deviant
types suggest that the neural implementation of deviant
detection critically depends on the nature of the deviant
and the expectations it violates.

Sequential
deviant

Capturing regularities present in our environment is crucially important for adaptive behaviour as it allows one
to identify unexpected events which violate predictions
about the incoming stimuli (deviants). The present two
studies addressed deviant detection within the context of predictive perceptual processing, as studied by
the serial prediction task (SPT, Schubotz, 1999, Neurosci
Lett, 265, 1–4) and a feature task similar to the classical
oddball paradigm (Sutton, Braren, Zubin, & John, 1965,
Science, 150, 1187–1188). In the SPT, participants monitored ordered perceptual sequences for deviants that
violated the temporal order of stimulus presentation (sequential deviant), while in the feature task they tried to
identify stimuli violating expectations based on physical
attributes shared by the majority of stimuli (feature deviant). The processing of such events was first explored in
a fMRI study, which demonstrated significant differences
in brain areas underlying the processing of two deviant
types. In the next step, temporal dynamics of processing

Feature
deviant

Figure 7.1.2   Event-related brain potentials
(waveforms and difference waves) elicited
by the presentation of standard and deviant stimuli measured on electrodes Cz and
Pz and voltage distributions for N2b and P3b
event-related components elicited in the serial prediction (first row) and feature (second
row) task.

Standards

7.1.3

Deviants

Deviants-Standards

Differential role of frontal regions for processing of relational information
Golde, M. 1, von Cramon, D. Y. 1,2, & Schubotz, R. I. 1,2
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
2 Max Planck Institute for Neurological Research, Cologne, Germany
The present study was aimed at differentiating between
the roles of two frontal areas, BA 10 in the anterior prefrontal cortex (aPF) and premotor cortex (PM), in relational information processing. Specifically, we tested the
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hypotheses that PM and aPF differ as to their respective
roles (1) in concrete action-related vs. abstract relational
information processing, and (2) in concatenation vs. integration of relational information.

Department of Cognitive Neurology

A reasoning paradigm adapted from Raven’s Progressive
Matrices was employed to generate a balanced 2 × 2 × 2
factorial design. The two levels of factor DOMAIN were
“abstract” (matrix stimuli were graphical images) and “action” (stimuli were photographs of object-directed hand
actions). The factor TYPE was implemented by two rule
types, one requiring sequential processing of stimuli and
the other not (so-called distributive rule). Regarding the
third factor INTEGRATION, each matrix was governed either by one rule or by a combination of two rules, so that
relational integration was either required or not.
Results suggest that premotor and prefrontal sites are
functionally differentiated by the kind of relational processing required, not by the material that this relational
processing refers to: PM is particularly engaged in the sequential concatenation of relations, and aPF in their integration. These results support hierarchical models of
frontal function, while challenging the postulate of domain-specific processing within the frontal lobes.

Matrix examples
abstract & distributive

sequential vs.
distributive

aPF

action vs.
abstract

vPM

pPF

action & sequential

2 rules vs. 1 rule
Figure 7.1.3  PM was not dominant over aPF in the action domain, nor
aPF over PM in the abstract domain. With respect to integration, it
was found that a widespread bilateral fronto-parietal network was recruited for relational integration, replicating prior imaging results. Left
BA 10 (aPF) was found to be included in this network, and although
activity extended from prefrontal to frontal areas, there was no local
maximum of activity in PM. Rule types differentiated aPF from PM: The
right ventrolateral PM was more active for sequential as compared to
distributive rule problems in both action and abstract matrices. In contrast, aPF was unaffected by rule type.

When errors are rewarding

7.1.4

de Bruijn, E. R. A. 1,2, de Lange, F. P. 1,3, von Cramon, D. Y. 2,4, & Ullsperger, M. 1,4
1 Donders Institute for Brain, Cognition and Behaviour, Radboud University Nijmegen, the Netherlands
2 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
3 Inserm, U562, Cognitive Neuroimaging Unit, Gif/Yvette, France
4 Max Planck Institute for Neurological Research, Cologne, Germany
“Never interrupt an enemy when he is making a mistake.”
This quote by Napoleon Bonaparte not only indicates
that we are able to detect others’ errors, but that we also
may find these errors useful, depending on the social
context. Here, we study brain activity related to making
and observing errors whose reward outcomes are modulated by the social context.
For social beings like humans, detecting our own and
others’ errors is essential for efficient goal-directed behaviour. Although our own errors are always negative
events (resulting in a loss or harmful outcome), errors
from other individuals may be negative or positive depending on the social context. We used neuroimaging to
disentangle brain activity related to error and reward processing, by manipulating the social context (cooperation
or competition). In a computerized game, participants
performed a simple goal-targeting and hitting task.
Difficulty was adapted continuously to keep error rates
high (around 27 %). In alternating blocks, participants
either played themselves, or observed a game partner

playing. Unbeknownst to the participants, the partner’s
performance was simulated by a computer in order to
equalize error rates for their own and observed errors. By
manipulating the payoff matrix, two contexts were created. In the cooperative context, participants experienced
a monetary loss on their own as well as their partners’
errors. In the competitive context, the participant gained
money when the partner made a mistake, whereas their
own errors were still associated with a loss.
Activation in posterior medial frontal cortex (pMFC) was
increased for all errors, independent of who made the
error or the reward outcome. Conversely, striatal activity
with a maximum in the ventral striatum was modulated
by reward, independent of whether the action was erroneous or not.
The results demonstrate a clear distinction between error
and reward processing in the human brain. Importantly,
the current study indicates that error detection in pMFC
is independent of reward and generalizes beyond our
own actions. Thus, a prominent view on the function

233

Department of Cognitive Neurology

of the pMFC in performance monitoring, the reinforcement learning theory, cannot account for the present
findings. Instead, more recent accounts suggesting a role
of the pMFC in updating action values are supported.
Moreover, the present findings indicate that humans not
only update values of self-performed actions but also of
observed actions performed by others. This highlights
pMFC’s role in optimizing performance in both individual
and joint action.
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Figure 7.1.4   Error-specific and reward-specific signal increases.
(A) pMFC signal increases on error trials compared with correct trials. (B) Striatal signal increases on positive outcomes compared with
negative outcomes. A, B: thresholded at p < 0.05, corrected for multiple comparisons across the whole brain. C, D: Contrast estimates in
pMFC (C) and striatum (D) for own and observed correct and incorrect
actions in the two contexts (cooperation, competition). **p < 0.0001,
*p < 0.05, +p < 0.06.
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Dopamine DRD2 polymorphism alters reversal learning and associated
neural activity
Jocham, G. 1, Klein, T. A. 1,2, Neumann, J. 2, von Cramon, D. Y. 1,2, Reuter, M. 3, & Ullsperger, M. 1
1 Max Planck Institute for Neurological Research, Cologne, Germany
2 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
3 Department of Psychology, Laboratory of Neurogenetics, Rheinische Friedrich Wilhelm University Bonn, Germany
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predictive for the maintenance of the new stimulus-response rule.
Interestingly, the A1+ group showed diminished recruitment of the right ventral striatum and the right lateral orbitofrontal cortex (lOFC) upon reversals (Fig. 7.1.5) and a
reduced modulation of RCZ activity as a function of preceding negative feedback.

A

B

y=6
2

5

% Signal change (mean + SEM)

In humans, the presence of an A1 allele of the DRD2/
ANKK1-TaqIa polymorphism is associated with reduced
expression of dopamine (DA) D2 receptors in the striatum. Recently, it was observed that carriers of the A1 allele (A1+ subjects) showed impaired learning from negative feedback in a reinforcement learning task. Using
functional magnetic resonance imaging (fMRI), we investigated carriers and non-carriers of the A1 allele while
they performed a probabilistic reversal learning task.
A1+ subjects showed subtle deficits in reversal learning. In particular, these deficits consisted of an impairment in sustaining the newly rewarded response after a
reversal and in a generally decreased tendency to stick
with a rewarded response. Both genetic groups showed
increased fMRI signal in response to negative feedback
in the rostral cingulate zone (RCZ) and anterior insula.
Negative feedback that induced a change in behaviour
additionally engaged the ventral striatum and a region
of the midbrain, consistent with the location of dopaminergic cell groups. The response of the RCZ to negative
feedback increased as a function of preceding negative
feedback. Furthermore, the reversal-related striatal activity as well as the increase in RCZ activity with an increasing amount of preceding negative feedback were both

Final reversal error – ventral
striatum
0.3
A1A1+
*
0.2
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Time (s) relative to event onset

Figure 7.1.5  (A) Direct comparison between the two genetic groups of
the haemodynamic response to final reversal errors (contrasted with
other reversal errors) shows an enhanced response in the right ventral striatum for the A1– group at p < 0.01. The colour bar indicates
z-scores. (B) Timecourse of haemodynamic activity in response to final
reversal errors extracted from a 3 mm sphere centred around the peak
coordinate of the contrast shown in (A) at MNI coordinates x = 17, y = 5,
z = – 7. * p < 0.05.
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Taken together, these results suggest that a genetically
driven reduction in DA D2 receptors leads to deficient
feedback integration in RCZ. This in turn is accompanied
by impaired recruitment of the ventral striatum and the
right lOFC upon reversals, which might explain the behavioural differences between the genetic groups. As
the effect of the polymorphism on the density of cortical

DA D2 receptors is still unknown, future studies need to
address whether the observed activation differences in
the frontal cortex areas reflect direct or remote effects
of a genetically driven difference in dopaminergic neurotransmission.

Matching mind to world and vice versa: Functional dissociations between
belief and desire mental state processing

7.1.6

Abraham, A. 1,2, Rakoczy, H. 3, Werning, M. 4, von Cramon, D. Y. 2,5, & Schubotz, R. I. 2,5
1 Department of Clinical Psychology, Justus Liebig University Giessen, Germany
2 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
3 Max Planck Institute for Evolutionary Anthropology, Leipzig, Germany
4 Department of Philosophy, Heinrich Heine University Düsseldorf, Germany
5 Max Planck Institute for Neurological Research, Cologne, Germany
With the aim of understanding how different mental or
intentional states are processed in the brain, the present
functional magnetic resonance imaging (fMRI) study examined the brain correlates during the ascription of belief intentional states relative to desire intentional states
as well as the effect of incongruent relative to congruent intentional states. To this end, sentences containing
scenarios were presented to participants and their task
was to make judgments concerning the ascription of intentional states based on this information. Belief ascriptions, relative to desire ascriptions, were accompanied by
activations in lateral prefrontal structures which include
areas known to be involved in relational and conceptual
reasoning. Desire ascriptions, in contrast, were accompanied by activations in regions of the medial prefrontal
cortex, superior temporal gyri and hippocampal formation, all of which are known for their involvement in selfreferential, autobiographical, and episodic memory-relevant processes. In addition, the ascription of intentional
states that were incongruent with reality (false beliefs
and unfulfilled desires) was compared to the ascription
of intentional states that were congruent to reality (true
beliefs and fulfilled desires). While no brain region was
selectively activated during the processing of unfulfilled
desires, the processing of false beliefs was associated

with stronger activations in the dorsal medial prefrontal
cortex, an area that has been previously linked to the process of decoupling in false belief attribution. These findings provide new insights into more fine-grained aspects
of mental state reasoning.

Beliefs vs. Desires

Desires vs. Beliefs

Figure 7.1.6  Activation maps (corrected at cluster level, p < .05) of direct contrasts between mental state reasoning addressing Beliefs as
compared to Desires (top panel) and Desires as compared to Beliefs
(bottom panel). Thinking about other individuals’ beliefs elicited activations related to relational and conceptual reasoning, whereas thinking about their desires engaged areas suggested in self-referential, autobiographical, and episodic memory.
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Future versus past thinking in episodic and semantic domains
Abraham, A. 1,2, von Cramon, D. Y. 2,3, & Schubotz, R. I. 2,3
1 Department of Clinical Psychology, Justus Liebig University Giessen, Germany
2 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
3 Max Planck Institute for Neurological Research, Cologne, Germany
Neuroimaging studies have investigated mental time
travel with reference to episodic memory and prospection or thinking about one’s own personal (episodic) past
or personal future. The aim of the present study was to
further elucidate the functional roles of the brain regions
that are activated when we engage in mental time travel
by introducing the semantic memory or non-personal
domain into this context. Neuroimaging research so far
has focused on episodic prospection, or thinking about
hypothetical future personal events. What has received
no attention is semantic prospection (i.e., contemplating
hypothetical future world events). Using functional magnetic resonance imaging (fMRI), we found a number of
functional dissociations in the brain when comparing future and past thinking across personal and non-personal
conceptual domains.
Regions in the bilateral superior frontal gyrus (BA 8 and 9)
were found to be more strongly activated during episodic future, episodic past, and semantic future thinking relative to the semantic past thinking conditions, pointing to
anterior mPFC (BA 10)

Signal change [%]
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their role in recombinatory processes. Interestingly, the
anterior mesial prefrontal cortex (mPFC) was more highly
activated during personal thinking, in general, and most
strongly activated for personal future thinking, in particular, and also more activated during personal future, personal past, and non-personal future thinking compared
to non-personal past thinking, which indicates a role for
this area in the constructive aspects of cognition. The
pattern of the latter findings was unique as the activations were proportionally highest during personal future
thinking, followed by that of personal past thinking and
then non-personal future thinking, all relative to nonpersonal past thinking. This blend of different processes at play in the anterior mPFC may be indicative of its
role in integrative aspects of information processing over
and above flexible construction and self-referentiality.
Findings provide novel and critical insights into the complex interactions between different processes involved in
prospective and retrospective thought as modulated by
the type of processed content.

mPFC (BA 9) and SFS (BA 8)

EF
SF

EP
SP

0.2
0.1
0
-0.1

Figure 7.1.7 Construction and flexible recombination: Significant greater activations
associated with episodic future (EF), episodic past (EP), and semantic future (SF) thinking relative to semantic past (SP) thinking.
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7.2

Independent Junior Research Group
“Neurocognition of Music”

The Independent Junior Research Group “Neurocognition of Music”, which officially ended at the end of 2007,
finished a number of studies in further cooperation with
the Max Planck Institute during 2008/2009. In its last period of work at the MPI, the group focused on the investigation of emotion with music, on social cognition and

music, on a comparison between music and language,
as well as on neural correlates of music and action while
playing a musical instrument.

Independent Junior Research Group “Neurocognition of Music”

7.2.1

Universal recognition of (three) basic emotions in music
Fritz, T. 1
1 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
ply, and are still inhabited by many individuals who pursue a traditional lifestyle and have never been exposed
to Western music. One of the experiments investigated
the ability to recognize three basic emotions expressed
in Western music (happy, sad, and scared/fearful). Results
showed that the Mafas recognized happy, sad, and
scared/fearful Western music excerpts above chance, indicating that the expression of these basic emotions in
Western music can be recognized universally (Fig. 7.2.1).

emotion intended to be
coded in the music

The investigation of musical universals with Western music stimuli requires participants who are completely naïve
to Western music. Due to increasing globalization, this
opportunity has become very rare. To investigate universals of emotion in music, a cross-cultural study with
participants from a native African population (Mafa) and
Western participants was conducted, with both groups
being naïve to the music of the other respective culture
(Fritz et al., 2009). Thomas Fritz made an expedition to remote Mafa settlements which do not have electrical sup-

recognition rate

1.0
0.8
0.6

sad

***

scared
***

***

***
**

***

0.4

chance level

happy

0.2
0

Mafa listeners

Western listeners

Figure 7.2.1  Left: Settlement of the Mafa in the Mandara Mountains in Northern Cameroon. Right: Participants listened to short piano pieces
and had to decide which of three faces from the Ekman archive (depicting emotional expressions corresponding to those in the music) fit best
with the perceived music stimulus. The figure shows the mean performance (M) in percent for the recognition of each emotional expression in
Western music excerpts, chance level: 1/3 (*** p < 0.001, ** p < 0.05), standard error (SEM). Although Western listeners had higher hit rates than
Mafa listeners, both groups performed well above chance level.

7.2.2

Amygdala activity can be modulated by unexpected harmonies
Koelsch, S. 1
1 School of Psychology, University of Sussex, United Kingdom, & Cluster of Excellence “Languages of Emotion”, Free
University of Berlin, Germany
More than half a century ago, Leonard Meyer theorized
in his classical book “Emotion and Meaning in Music” that
listeners usually have (implicit) expectations of what will
happen in the music and, depending on whether these
expectations are fulfilled or not, experience relaxation,
or tension and suspense. Thus, music-syntactically unexpected chords may lead to a sensation of surprise or
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suspense. Several decades later, it was shown that new
or unexpected harmonies evoke shivers, that the perception of unexpected chord functions leads to an increase
in perceived tension, and that the perception of tension
is linked to emotional experience during music listening,
as well as to changes in peripheral physiological activity such as skin conductance responses. Investigating
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this topic with fMRI (Koelsch, Fritz,
& Schlaug, 2008), we found activity changes in the amygdala (a keystructure in emotion processing) as
a function of harmonic expectancy
for chords (Fig. 7.2.2). This effect was
perhaps due to a perceived negative
emotional valence of harmonically
unexpected chord functions.

irregular > regular

0

6

Figure 7.2.2  Statistical parametric maps (SPMs) for the contrast irregular versus regular chords
(irregular > regular chords). Data were pooled for both groups of subjects (N = 20). In both
hemispheres, irregular chords elicited activity changes within the amygdala (yellow arrows).
Statistical threshold of SPMs was p < .05 (uncorrected), FWE corrected activations were significant on the voxel level.

Processing intentions behind music

7.2.3

Steinbeis, N. 1
1 University Research Priority Program (URPP) “Foundations of Human Social Behavior”, University of Zurich,
Switzerland
The attempt to understand other people is characteristic of most social interactions (irrespective of its success).
Because music is intrinsically a social medium that putatively supports several social functions (such as communication, cooperation, and coordination of group activity), we explored whether such attempts to understand
other people are automatically engaged when listening
to music. Even in the absence of a social agent, humans
still engage in processes that resemble the features of
mental state attribution (e.g., anthropomorphizing computers when they “choose” to cooperate or defect). In this
study (Steinbeis, & Koelsch, 2009), we investigated whether listening to a piece of music thought to be composed
activates a network of structures typically engaged in
mental state attribution (anterior fronto-median cortex, aFMC; superior temporal sulcus, STS; and temporal
pole, TP) compared to when listening to non-composed
music. Participants (N = 16) were presented with musical stimuli taken from the “Second Viennese School” (i.e.,
atonal music composed by A. Berg, A. Schönberg, and A.
Webern) that made the seemingly random succession of
the notes of the Western scale its hallmark. Participants
were either told that these pieces were written by a longdead composer or that they had been artificially generated by a computer following very basic rules of composition. Each participant heard several pieces in each
condition, which were blocked and counterbalanced
across participants. No piece was presented twice. When
contrasting the composer condition with the computer
condition, strong activations were found in precisely the
network usually seen in tasks that require subjects to at-

tribute mental states to a particular individual, namely
aFMC, STS, and TP. In addition, activity in aFMC (Fig. 7.2.3)
correlated strongly with ratings on how much subjects
had pondered the intention of the composer in the composer condition. These findings demonstrate that human products and artefacts are capable of recruiting a
cortical network, highly reminiscent of the cortical network observed when engaging in real social situations.
This indicates that listening to music automatically activates social cognition (i.e., even when subjects are consciously not aware of this), and implies that our world is
socially much richer than previously believed, populated
by physical extensions of other selves in the absence of
their creators.

3.09

4.55

Figure 7.2.3   Activation in the aFMC when contrasting listening to
composed against listening to computer-generated music.
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7.2.4

Neural correlates of music and language processing: Similarities and
differences
Jentschke, S. 1, Sammler, D. 2, & Schulze, K. 1
1 Institute of Child Health, University College London, United Kingdom
2 Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
Language and music are two important channels of
human auditory communication, and their similarities
have long interested scholars. Although nobody would
ever confuse a Mozart sonata and a political speech,
they are, in fact, both sequences of discrete elements
(e.g., chords and words) that are arranged according
to a set of “syntactic” rules to form meaningful structures. Neurocognitive theories proposed that music and
speech, despite their different contents, share procedural
parsing processes, shared resources for syntactic integration, shared resources for the build-up of expectancies
about which element is about to follow, and perhaps
overlapping working memory resources. We conducted several studies to specifically test the hypothesis of
shared processing resources required for the processing
of language and music.

Comparing children who had musical training to those
who had not, we observed that 9- and 11-year-old children with musical training had an enlarged amplitude
of the brain response to a music-syntactic violation,
and that in 11-year-old musically trained children, brain
responses to linguistic-syntactic violations were more
strongly developed compared to children without musical training (Jentschke, & Koelsch, 2009). This suggests
that musical training leads to an improved processing
of musical as well as of linguistic syntax. Conversely, language impaired children did not show an ERP response
to a violation of musical syntax. This further strengthens
the assumption of a strong relationship between syntax
processing in music and language, and supports the notion of shared neural resources underlying music-syntactic and language-syntactic processing.

The first study (Sammler et al., 2009) investigated the
co-localization of musical and linguistic syntax processing in the temporal lobe of the human brain. EEGs were
recorded from subdural electrodes placed on the left
and right perisylvian cortex in nine patients undergoing
presurgical evaluation of pharmaco-resistant epilepsy.
The neural generators of the early potentials elicited by
syntactic errors in music (unexpected harmony) and language (wrong word-category) were localized by means
of distributed source modelling and compared within
subjects. Five of the nine patients showed early potentials in response to music- and language-syntactic violations. The source localization results of these five patients
indicate a considerable overlap of the sources within the
bilateral superior temporal gyrus, qualifying these areas
as shared anatomic substrates of early syntactic errorprocessing in both music and language.

The third study (Schulze et al., submitted) compared
Working Memory (WM) for verbal and tonal information
in musicians and non-musicians. WM refers to a brain
system for temporal storage and manipulation of information. So far, WM has been thought of as a unitary
system. We investigated WM for verbal (syllables) and
tonal (pitches) information in non-musicians and musicians and observed that the neural components of the
WM system for verbal information strongly overlap with
those involved in tonal WM. Importantly, our results also
show that in musicians, who are trained in the perception
and production of both language and music, verbal as
well as tonal WM engaged different neural subcomponents that specifically served either verbal or tonal WM.
Therefore, our data reveal two auditory WM systems: a
phonological loop (dedicated to the maintenance of language information) and a tonal loop (dedicated to the
maintenance of tonal information). The differences between verbal and tonal WM were observed in structures
that are known to be involved in the control, programming and planning of actions. This indicates that actionrelated neural codes (that is, codes that are also involved
in producing syllables or tones) play an important role
in maintaining language and musical information in WM.
Therefore, our results also suggest a link between cognition and motor functions which is stronger than previously believed.

The second study explored the interaction of musical
and linguistic syntax processing in children (2 ½, 5, 9, and
11 years old). Our data revealed that an electrical brain
response to a music-syntactic violation (named the early
right anterior negativity) is already established in 2 ½-yearold children. We also found that, compared to normal
controls, 5-year-old children with specific language impairment show deficiencies in their processing of musical syntax (Jentschke, Koelsch, Sallat, & Friederici, 2008).
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Neural correlates of action monitoring and error detection during piano
performance

7.2.5

Maidhof, C. 1
1 Cognitive Brain Research Unit, Department of Psychology, University of Helsinki, & Finnish Centre of Excellence in
Interdisciplinary Music Research, University of Jyväskylä, Finland  
When playing an instrument, musicians have to plan,
execute, and precisely monitor their fast and accurate
movements, as well as the auditory effects of these
movements. This study, which was part of a cooperative
project between the Department of Psychology and the
Independent Junior Research Group “Neurocognition of
Music”, aimed to investigate the neural mechanisms underlying error detection and the processing of manipulated feedback during piano performance. In our EEG
experiments, pianists performed sequences on a piano bimanually while, at random positions, the auditory
feedback of single keypresses was manipulated, thereby
creating a mismatch between an expected and actually
perceived event (“action condition”). To disentangle effects of action-based and perception-based expectations, we compared feedback manipulations during performance to the mere perception of the same stimulus
material containing the same manipulations (“perception
condition”). Event-related potentials (ERPs) of pitch manipulations and self-performed errors were computed
and compared to ERPs elicited by correct notes. Results

A

showed that pitch manipulations in both the action
and perception conditions, elicited a negative potential
around 200 ms (strongly reminiscent of the “feedback
error-related Negativity”). The amplitude of this potential
correlated with the amount of training, and was larger in
the action compared to the perception condition. This
indicates that during performance, the intention and action of the pianists to produce certain auditory effects
lead to stronger expectancies than the expectancies
built up during music perception, and that the actionrelated expectancies are influenced by musical training. Results of the self-generated performance errors
(Fig. 7.2.5) showed that ERPs already differed between
correct and erroneous performance 100 ms before the
onset of a wrong keypress. This implies that not all errorrelated mechanisms rely on auditory feedback, and that
errors can be neurally detected prior to the completion
of an erroneous movement. The underlying mechanism
probably relies on predictive control processes that compare the predicted outcome of an action with the action
goal.

B

ERPs of Performance Errors
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Figure 7.2.5  Grand-average ERPs elicited by correctly and incorrectly performed keypresses (A). The arrow indicates the note onset and thus the
onset of the auditory feedback. The grey areas show the time windows chosen for statistical analyses for electrodes that were included in the
ROIs. Note the early increased negative potential prior to the onset of the note (termed pre-error negativity) and a subsequent positive deflection, resembling the early Error positivity (Pe) or the P3a. The right panel (B) shows the scalp distributions for the difference potentials for correct
keypresses subtracted from incorrect keypresses, for the two time windows indicated by the grey bars in (A).
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Neuroscience
of Communication:
Function, Structure, and
Plasticity
International Max Planck Research School

The International Max Planck Research School on Neuroscience of
Communication: Function, Structure, and Plasticity (IMPRS NeuroCom) is
an interdisciplinary PhD programme which was originally initiated by the
Max Planck Institute for Human Cognitive and Brain Sciences. The school is
based at the Max Planck Institute for Human Cognitive and Brain Sciences
and the University of Leipzig, and also involves the Max Planck Institute
for Evolutionary Anthropology, Leipzig and the Institute of Cognitive
Neuroscience at University College London, UK. The IMPRS NeuroCom is a
project mainly funded by the Max Planck Society and the Max Planck Institute
for Human Cognitive and Brain Sciences, but also by the University of Leipzig.
The official inauguration of the IMPRS NeuroCom was on 15 October 2009.
This graduate school will strengthen the already existing close working relationship between all participating institutions.

International Max Planck Research School

PhD students and projects

The Max Planck Institute is world famous for its
research culture, created through a unique environment, and scientific achievements gained
through innovative research topics. The IMPRS
offers an amazing chance to get in contact with
top researchers from around the world through
many guest talks and training programmes. It
is perfect for furthering my education and research.

The IMPRS is a world-renowned research
school, which I have had the special
pleasure of working at for the last three
months. Without doubt, I wish to stay
here forever.
Mahmoud Fakhry, Egypt

Peng Wang, China
I started working at the Max Planck Institute writing my Master
thesis in 2006. The infrastructure of the MPI and the extraordinarily well organized and helpful staff introduced me to the
most dedicated research environment I have ever worked in.
This is the main reason for my IMPRS NeuroCom application.
Benjamin Stahl, Germany
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Cognition I: Verbal Communication (Language)
Anna Janska
Automatic processing of spectro-temporal aspects of
speech sounds

Iris Nikola Knierim
Investigating cortical and subcortical circuits underlying emotional language

Anja Hubert
Recursion during language development

Mona Spielmann
Auditory stream segregation in children with
dyslexia

Franziska Grimm
Sensomotoric prediction and sequencing

Cognition II: Non-Verbal Communication (Action and Interaction)
Dominique Susanne Goltz
Attentional modulation of somatosensory processes
Esther Kühn
Investigating the neural basis of social and motor cognition using fMRI
Giacomo Novembre
Group musical improvisation

Marie Uhlig
Relations and brain processes in musical coordination
Sarah Girlich
First language acquisition: How children learn verbs
Thomas Dolk
Neuronal and temporal aspects of the social Simon
effect

Neuroscience: Basic and Clinical
Barbara Strotmann
Structural and functional connectivity of the hypothalamo-limbic system

Jana Rambow
Neuronal and cognitive correlates of eating behavior

Benjamin Stahl
Treatment of chronic aphasia with music therapy

Klaus-Martin Krönke
Mirror neurons and language

Claudia Freigang
Identifying central auditory hearing abilities in the
elderly

Susanne Gräf
[18F]NCFHEB-PET in Alzheimer’s disease:
Relationship between nicotinic receptor availability and cognition

Methods: Modern Neuroimaging Techniques, Biophysics, and Signal Processing
Christoph Teichmann
Language Models and Linguistic Categories
Dirk Goldhahn
Development of new mathematical approaches to
the analysis of structural and functional MRI data

Mahmoud Fakhry
Brain normalization algorithms and parameters in
voxel-based morphometry
Peng Wang
Parameter estimation in neural mass models

Fahimeh Mamashli
Multivariate pattern analysis on electrophysiological
data
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Faculty
Cognition I: Verbal Communication (Language)
Prof. Dr. Balthasar Bickel
University of Leipzig, Dept of Language Typology

Prof. Dr. Jörg Jescheniak
University of Leipzig, Inst. for Psychology I

Prof. Dr. Bernhard Comrie
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PD Dr. Sonja Kotz
MPI for Human Cognitive and Brain Sciences

Prof. Dr. Angela D. Friederici
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Prof. Dr. Thomas Pechmann
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Prof. Dr. Thomas Jacobsen
University of Leipzig, Inst. for Psychology I

Prof. Dr. Erich Schröger
University of Leipzig, Inst. for Psychology I

Cognition II: Non-Verbal Communication (Action and Interaction)
Dr. Peter Keller
MPI for Human Cognitive and Brain Sciences

Prof. Dr. Wolfgang Prinz
MPI for Human Cognitive and Brain Sciences

Prof. Dr. Matthias Müller
University of Leipzig, Inst. for Psychology I

Dr. Simone Schütz-Bosbach
MPI for Human Cognitive and Brain Sciences

Prof. Dr. Elena Lieven
MPI for Evolutionary Anthropology

Prof. Dr. Michael Tomasello
MPI for Evolutionary Anthropology

Neuroscience: Basic and Clinical
PD Dr. Stefan Geyer
MPI for Human Cognitive and Brain Sciences

Prof. Dr. Rudolf Rübsamen
University of Leipzig, Dept of Neurobiology

Prof. Dr. Ulrich Hegerl / PD Dr. Peter Schönknecht
University of Leipzig, Clinic for Psychiatry

Prof. Dr. Arno Villringer
MPI for Human Cognitive and Brain Sciences

PD Dr. Hellmuth Obrig
University of Leipzig, Clinic of Cognitive Neurology

Prof. Dr. Kai von Klitzing / Dr. Annette Klein
University of Leipzig, Clinic for Children and Youth
Psychiatry

Methods: Modern Neuroimaging Techniques, Biophysics, and Signal Processing
Prof. Dr. Jürgen Haase
University of Leipzig, Inst. for Physics

PD Dr. Karsten Müller
MPI for Human Cognitive and Brain Sciences

Prof. Dr. Gerhard Heyer
University of Leipzig, Dept of Natural Language
Processing

Dr. habil. André Pampel
MPI for Human Cognitive and Brain Sciences

PD Dr. Gabriele Lohmann
MPI for Human Cognitive and Brain Sciences
Dr. Thomas Knösche
MPI for Human Cognitive and Brain Sciences
Prof. Dr. Harald Möller
MPI for Human Cognitive and Brain Sciences
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Prof. Dr. Gerik Scheuermann
University of Leipzig, Dept of Image Processing
Prof. Dr. Robert Turner
MPI for Human Cognitive and Brain Sciences
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IMPRS NeuroCom
The overriding goal of the IMPRS NeuroCom is to investigate the functional, structural, and plastic bases of
human communication through an integrative and interdisciplinary approach. For this purpose, faculty members with diverse backgrounds, for example, neurobiologists, neuropsychologists, cognitive scientists, medical
researchers, computer scientists, physicists to name but
a few, are involved in both the teaching and supervision of the doctoral students as they complete their
PhDs. Besides behavioural work, the programme draws
on elaborate modern neuroimaging techniques such as
functional and structural magnetic resonance imaging
(MRI), electroencephalography (EEG), magnetoencephalography (MEG), and near-infrared spectroscopy (NIRS).
With the beginning of the first cohort, 22 highly qualified
and motivated young researchers from 8 nations started
their PhD projects. The wide variety of the students’ professional backgrounds – such as linguistics, psychology,
biology, medicine, computer science, and engineering
– enables them to benefit from their shared knowledge
and resources. Depending on their professional background and the specific research topics within this broad
area of academic endeavour, the PhD students chose an

individual project within one of four modules. These four
modules fall into two categories: two cognitive modules,
and two more basic neuroscientific modules:
1. Cognition I:

Verbal Communication (Language)

2. Cognition II:

Non-Verbal Communication (Action
and Interaction)

3. Neuroscience: Basic and Clinical
4. Methods:

Modern Neuroimaging Techniques,
Biophysics, and Signal Processing

The students not only focus on the research topic of their
choice, but they also receive extensive expert information outside their chosen projects, broadening their horizons towards potential interdisciplinary approaches. To
this purpose, fundamental knowledge covering all four
modules is imparted in the form of lectures, courses, and
seminars run at the MPIs and the University of Leipzig.
Thus, the doctoral students will be trained in the multidisciplinary aspects of cognition, psychology, and neuroscience which are involved in communicative action, as
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well as in modern neuroscientific methodologies. In addition, research and work at the school is organized around
various series of colloquia, annual summer schools, and
final-year exchange programmes for participating PhD
students and the faculty.

broaden the programming skills which are essential to
implement new ideas of brain data analysis. Furthermore,
international candidates had the opportunity to participate in courses in German as a second language.

Lectures for the Winter Semester 2009/2010 were from
the modules Methods and Neuroscience and were
conducted by relevant staff from both the Max Planck
Institute and the University of Leipzig. A Matlab course
was provided to allow the students to develop and
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Spokesperson

Contact

Professor Dr. Wolfgang Prinz

Dr. Antje Holländer

Director, Department of Psychology
MPI for Human Cognitive and Brain Sciences
Stephanstrasse 1 a, 04103 Leipzig
Phone: +49 341 9940 2286
Fax: +49 341 9940 2330
Email: prinz@cbs.mpg.de

Co-ordinator of the IMPRS NeuroCom
MPI for Human Cognitive and Brain Sciences
Stephanstrasse 1 a, 04103 Leipzig
Phone: +49 341 9940 2261
Fax: +49 341 9940 2330
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