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Abstract

The somatosensory system offers us diverse functionality. It is responsible
for the sensation of touch, which involves perception of external objects. It
provides information about the body’s own components and is critically in-
volved in the planning and execution of motor actions. Considerable effort
has been directed towards elucidating how somatosensory processing is or-
ganized to subserve these various functions. Based on this, Dijkerman and
de Haan proposed a model to describe the cortical processing of somatosen-
sory information (Dijkerman and de Haan 2007). The aim of the present
thesis was to extend this model of somatosensory processing for perception
and action, focussing on feature processing and attentional modulation during
tactile perception. To this end, two functional magnetic resonance imaging
experiments were performed, in which Braille-like tactile stimulation was pre-
sented to human volunteers. The first experiment sought to determine the role
of feature-specific higher-order processing for tactile perception and involved
moving or patterned stimulation during passive touch. We found that the
visual motion-sensitive area hMT+/V5 and the inferior parietal cortex were
selectively activated during motion and pattern processing, respectively. The
responses covaried with participants’ perceptual performance in identifying the
respective stimulus attribute and were functionally coupled to the responses
in primary somatosensory cortex. The results of this study provided evidence
for the direct engagement of feature-specific cortical areas in tactile percep-
tion. The second experiment aimed at investigating the functional significance
of top-down attentional gating during tactile task accomplishment. The task
involved selective attention to the spatial pattern or to the temporal frequency
of the tactile stimulation and the detection of changes in the respective stimu-
lus attribute. We found that a frontoparietal network was selectively activated
during the detection of task-relevant change. Analysis of effective connectivity
revealed that the functional integration of task-relevant sensory information
occured in a network composed of the somatosensory cortices and the inferior
frontal gyrus. Modeling context-dependent causal influences within this func-
tional network identified top-down attentional biasing for gating perception
of tactile stimulus attributes. Based on the findings presented here, functions
for feature processing and attentional modulation were added to the model by
Dijkerman and de Haan. The extended model contributes to the understanding
of how the somatosensory system processes tactile input and allows formulat-
ing testable hypotheses to motivate future research questions. In this way, the
present findings might further be useful for the development of treatments for
people suffering from somatosensory system deseases.





Zusammenfassung

Unser Berührungssystem ist vielfältig in seiner Funktionsweise. Wir verdanken
ihm das Tasten, welches die Wahrnehmung von Objekten ermöglicht. Es lie-
fert Informationen über die Stellung der eigenen Körperteile zueinander und
ist an der Planung und Durchführung von Bewegungen beteiligt. Die Or-
ganisation der Funktionen des Berührungssystems ist Gegenstand gegenwär-
tiger Forschung. Darauf aufbauend haben Dijkerman und de Haan ein Modell
der somatosensorischen Informationsverarbeitung entworfen (Dijkerman and
de Haan 2007). Ziel der vorliegenden Arbeit war es, dieses Modell mit Kom-
ponenten für Feature-Verarbeitung und attentionale Modulation bei der tak-
tilen Wahrnehmung zu erweitern. Hierfür wurden mittels funktioneller Mag-
netresonanztomographie zwei Untersuchungen durchgeführt, in denen gesun-
den Probanden Braille-ähnliche taktile Reize dargeboten wurden. Die ers-
te Studie untersuchte die Bedeutung feature-spezifischer Verarbeitung für die
taktile Wahrnehmung. Es wurden speziell für diese Studie entworfene bewegte
oder gemusterte Stimuli verwendet. Das visuelle bewegungssensitive Areal
hMT+/V5 und die untere Parietalrinde wurden selektiv durch bewegte bzw.
gemusterte Stimuli aktiviert. Die Antworten korrelierten mit der Fähigkeit
der Probanden bewegte bzw. gemusterte Stimuli zu erkennen und waren funk-
tionell mit Aktivität im primären somatosensorischen Kortex gekoppelt. Die
Ergebnisse dieser Untersuchung zeigen, dass feature-spezifische Verarbeitung
in höheren kortikalen Arealen bei der taktilen Wahrnehmung eine Rolle spielt.
Die zweite Studie untersuchte die Bedeutung attentionaler Top-Down-Modu-
lation für die Durchführung einer taktilen Detektionsaufgabe. Die Probanden
konzentrierten sich entweder auf das Muster oder auf die Frequenz eines tak-
tilen Reizes und sollten Veränderungen in dem jeweiligen Attribut berichten.
Die Durchführung dieser Aufgabe aktivierte somatosensorische als auch frontale
und parietale Areale. Eine Analyse der effektiven Konnektivität zeigte, dass
die funktionelle Integration relevanter Informationen in einem Netzwerk aus
somatosensorischen Kortizes und dem unteren Gyrus frontalis erfolgte. Die
Modellierung kontextabhängiger, kausaler Einflüsse innerhalb dieses Netzwerks
zeigte Top-Down-Modulation bei der selektiven Wahrnehmung taktiler Stimu-
lusattribute. Mittels dieser Ergebnisse konnten dem Modell von Dijkerman
und de Haan Funktionen für Feature-Verarbeitung und attentionale Modu-
lation hinzugefügt werden. Das erweiterte Modell hilft dabei, die Informa-
tionsverarbeitung im Berührungssystem des Menschen besser zu verstehen und
ermöglicht die Formulierung weiterer Fragestellungen. Auf diese Weise könn-
ten diese Ergebnisse in Zukunft auch zur Entwicklung von Therapien für am
Berührungssystem erkrankte Menschen beitragen.
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Chapter 1.

Introduction

Touch as one of the traditional five senses informs the organism - along with
sight, hearing, smell, and taste - about the nature of things in the external
world. Be it a fruit’s maturity, the quality of sheer fabric, or the softness of
baby’s skin - all these are conscious perceptual experiences of touch. Touch
is one of the sensory entities that make up the somatosensory system, which
by itself is highly diverse in its functionality. Touch supplies the organism
with inputs from the external palpable world, whereas proprioception provides
information about the internal state of the body and the relative position of
body parts. Both functions of the somatosensory system are closely tied and
act in concert to create the prerequisites for perception and action.
How the brain subserves somatosensory processing for tactile perception is

still subject to research. Tactile input from the peripheral receptors covering
the skin passes via sensory nerve fibers through the dorsal column in the spinal
cord to the brain. The existence of several somatotopically organized corti-
cal areas of somatosensory representations was revealed by electrophysiological
studies as early as in the 1940s (Penfield and Boldrey 1937; Woolsey 1943).
Brodmann areas 3a, 3b, 1, and 2 of the postcentral gyrus constitute the pri-
mary somatosensory cortex (SI). The secondary somatosensory cortex (SII) is
located in the parietal operculum in the upper bank of the lateral fissure and
by itself comprises several subregions. In analogy to the processing hierarchy
in the visual system it was proposed that sensory information is propagated
from the thalamus to SI and then to SII. In fact, SI seems to be mainly en-
gaged in early processing of relatively simple features such as the location or
the duration of a tactile stimulus. Subsequent processing may involve more
complex features such as the direction or the velocity of an object moving
along the skin. Higher-order association areas may combine these features to
provide information about the shape of an object or integrate it in a repre-
sentation of the body (Dijkerman and de Haan 2007). Based on existing ideas
about the organization of the cortical somatosensory system, Dijkerman and
de Haan recently proposed a model of somatosensory processing for perception
and action. According to this model, somatosensory processes for the guidance
of action can be dissociated from those that lead to perception and memory
(Dijkerman and de Haan 2007). This segregation can be considered analogous
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Chapter 1. Introduction

to the well-established “what” versus “where” distinction of information pro-
cessing in the visual system along the ventral and dorsal streams (Mishkin
and Ungerleider 1982). Nevertheless, how cortical somatosensory processing
is organized in detail to subserve tactile perception is far from understood
compared with the visual system.
The aim of the present thesis is to extend the model of somatosensory pro-

cessing for perception and action proposed by Dijkerman and de Haan, fo-
cussing on conscious perception of complex tactile stimuli and their properties.
Of particular interest is the impact of feature-specific higher-order processing
on tactile perception but also the functional significance of top-down atten-
tional gating during tactile task accomplishment. Both higher-order and top-
down processing became more and more important during the last years. As
regards the former, there is increasing evidence that feature-specific process-
ing of complex sensory input may generalize across modalities and result in
a higher-order perceptual representation of abstract features. As an example,
the lateral occipital complex (LOC) appears to hold a multisensory represen-
tation of shape during visual and tactile object recognition (e.g., Amedi et al.
2001; Lacey and Sathian 2011). In terms of top-down processing, the increas-
ing importance of top-down influences on sensory perception is reflected in the
development of theories such as predictive coding (Rao and Ballard 1999). Ac-
cording to the predictive coding theory, prior information such as expectation,
memory, or knowledge may exert top-down influence on sensory areas during
perceptual inference to facilitate the interpretation of sensory input. Here, we
aim at investigating feature processing and attentional top-down modulation
during tactile perception and further at incorporating these principles into the
model of somatosensory processing for perception and action.
For this purpose, we performed two functional magnetic resonance imaging

(fMRI) experiments with healthy human volunteers. Tactile stimuli with dif-
ferent properties were applied to the index finger tip of the participants’ hand
and associated with different cognitive task-related requirements. The sug-
gested stimuli were created using a programmable stimulation device (Piezo-
stimulator, QuaeroSys) equipped with a 4x4 Braille-like tactile display that
allowed administering well-described and replicable cutaneous input within a
circumscribed area of glabrous skin.
The first experiment focussed on investigating the impact of feature-specific

higher-order processing on tactile perception. For this purpose, the tactile
stimuli were applied under passive touch and involved different features, namely
motion and pattern. The passive stimulation paradigm allowed us to look into
bottom-up sensory processing during functional integration in the somatosen-
sory network. We further assessed the effective connectivity between feature-
specific cortical areas and somatosensory cortex using psychophysiological in-
teraction (PPI) analyses (Friston et al. 1997). The results of this study form
the first extension of the model of somatosensory processing.

12



In the second experiment, similar tactile stimuli were used but participants’
cognitive context was varied during tactile stimulation. A tactile change-
detection task that involved selective attention to a specific tactile stimulus
attribute, in this case pattern or frequency, required both the deployment of
top-down directed attention and the identification of task-relevant bottom-up
sensory information. Based on the experimental data, we established network
models using dynamic causal modeling (DCM; Friston et al. 2003) to reveal
the causal relationships between prefrontal cortex and sensory areas during
task performance, and to examine the coordination of bottom-up sensory pro-
cessing and top-down attentional control. The results of this study constitute
the second extension of the model of somatosensory processing.
The findings resulting from the two experimental investigations are incor-

porated into the existing model of somatosensory processing for perception
and action. This extended model complements the current knowledge about
somatosensory processing for conscious perception and contributes to the un-
derstanding of the human somatosensory system.

Structure of the Present Thesis and Author’s Contributions
The theoretical basics that help to approach the topic are reviewed in the two
chapters following this introduction. Chapter 2 gives an overview of the essen-
tial neurobiological background introducing the human somatosensory system.
Peripheral receptors and cortical regions devoted to the somatosensory system
are described as well as general features of tactile stimuli and their represen-
tation in the somatosensory system. The model of somatosensory processing
for perception and action proposed by Dijkerman and de Haan is presented
in detail. This model motivated the experimental investigations presented in
this thesis. An additional paragraph is dedicated to the role of attention in
the somatosensory network. Chapter 3 introduces the technique of fMRI, and
describes the methods for statistical data analysis used in the present thesis.
These include the general linear model for conventional statistical inference as
well as PPI models and DCM for the analysis of functional integration.
The experimental investigations are presented in detail in Chapters 4 and 5.

Both chapters start by introducing the current knowledge in the field and mo-
tivate the respective research questions. A detailed description of the applied
methods follows as well as a comprehensive presentation of the results. Con-
clusions are drawn subsequently and their significance in the field is evaluated.
Chapter 4 deals with feature-specific higher-order processing of tactile stimulus
attributes, Chapter 5 focusses on top-down attentional gating of somatosen-
sory perception. Both experiments were conceptualized and designed by the
author including the tactile stimuli used. The author’s contributions further
comprise data acquisition and analysis as well as the interpretation of the re-
sults. The findings provide new insights into somatosensory processing and
complement the knowledge about the human somatosensory system.

13



Chapter 1. Introduction

In Chapter 6 the findings resulting from the two fMRI experiments are
summarized and incorporated into the model of somatosensory processing for
perception and action. This extended model provides a new description of how
the cortical somatosensory system is organized to subserve tactile perception
and object recognition. We further give an outlook on future research questions
that may build on the proposed model. Chapter 7 completes the thesis by
drawing conclusions.

14



Chapter 2.

The Human Somatosensory
System

A major function of the nervous system is to gather information about the
external world. This task is performed by different sensory systems where sight,
hearing, touch, smell, and taste originate that form the basis for the knowledge
about the world. Sensory input is transformed by specialized receptor cells into
an electrical signal. These receptor cells are linked along different afferent nerve
fibers to the cerebral cortex where their input is processed. The somatosensory
system is responsible for the sensation of touch.
This chapter gives an overview of the human somatosensory system. We

start by introducing its organization focussing on peripheral receptors for tac-
tile perception and cortical regions dedicated to somatosensory processing. In
addition, we consider general features of tactile stimuli as well as their represen-
tation in the somatosensory system and introduce the model of somatosensory
processing for perception and action. A further section is dedicated to the role
of attention in the somatosensory system.
The interested reader is referred to Kandel et al. 2000 for general background

information on neurobiological principles. For more details on the somatosen-
sory system, we recommend Mountcastle 2005 and Nelson 2002, or refer to the
references indicated in this chapter.

2.1. Peripheral Receptors for Tactile Perception

In the somatosensory system, incoming information about the external world
is subdivided into separate processing streams. This division already begins
at the level of peripheral receptors. Four types of somatosensory receptors,
namely cutaneous mechanoreceptors, proprioceptors, thermoreceptors, and no-
ciceptors, are involved in the transmission of different stimulus properties.
Cutaneous mechanoreceptors are responsible for tactile perception, whereas
proprioceptors, thermoreceptors, and nociceptors transduce information about
the internal state of the body, temperature, and potentially damaging stimuli,
respectively. The present thesis focusses on tactile perception, which relies

15



Chapter 2. The Human Somatosensory System

Afferent Receptor RF size Adaptation
rate

Function

SAI Merkel Small Slow Form, texture
SAII Ruffini Large Slow Lateral force, movement
RAI Meissner Small Rapid Velocity, flutter (best at

20-30 Hz)
RAII Pacinian Large Rapid Movement, vibration

(best at 250 Hz)

Table 2.1.: Overview of mechanoreceptive afferents and their properties. SAI,
slowly adapting type I; SAII, slowly adapting type II; RAI, rapidly adapting type I;
RAII, rapidly adapting type II; RF, receptive field.

on different types of mechanoreceptive afferents innervating the glabrous skin.
Their neural response properties have been studied extensively in both human
and nonhuman primates. In the following, we shortly present the four types of
cutaneous mechanoreceptors that each have distinct functions and in concert
account for tactile perception (for review see Johnson et al. 2000). An overview
is given in Table 2.1.

Slowly Adapting Mechanoreceptive Afferents
Two of the four cutaneous mechanoreceptive afferent types comprise slowly
adapting type I and II (SAI and SAII) afferents, which are connected to Merkel
cells and Ruffini endings, respectively. They were classified as slowly adapting
because they respond to sustained skin deformation with a sustained discharge
that declines slowly (Johnson 2001). SAI afferents have small receptive fields
leading to high-resolution spatial neural images of tactile stimuli. An impor-
tant property is surround suppression (Vega-Bermudez and Johnson 1999),
which results in strong responses to points, edges, and curvature but weak re-
sponses to uniform skin indentation. Therefore, local spatial features such as
edges and curves are represented by the peripheral SAI population response.
Neurophysiological evidence further indicates that the SAI system plays an
important role in form and texture perception (Johnson and Hsiao 1992).
SAII afferents have larger receptive fields than SAI afferents. They are less

sensitive to cutaneous indentation but more sensitive to skin stretch (Johnson
2001). Therefore, SAII afferents are suited to signal lateral forces such as
pulling on an object held in the hand. Their sensitivity to skin stretch is
further important for the perception of hand conformation and of the direction
of an object moving across the skin (Johnson et al. 2000).

Rapidly Adapting Mechanoreceptive Afferents
The remaining cutaneous mechanoreceptive afferent types are rapidly adapting
type I and II (RAI and RAII) afferents, which are connected to Meissner and
Pacinian corpuscles, respectively. They were classified as rapidly adapting
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2.2. Cortical Regions Involved in Somatosensory Processing

because they respond only transiently to sudden, steady indentation (Johnson
2001). Compared to SAI afferents, RAI afferents innervate the skin of the
finger pad more densely, and their receptive field sizes are larger, resulting
in great sensitivity but poor spatial resolution. The SAI and RAI response
properties are complementary. An important characteristic of RAI afferents
is their sensitivity to motion across the skin. Neurophysiological studies show
that the RAI system plays a significant role in the perception of low-frequency
motion (for review see Johnson et al. 2000), including the detection of low-
frequency vibration and the detection of slip.
RAII afferents are extremely sensitive but the boundaries of their receptive

fields are difficult to determine (Bell et al. 1994). The receptive field of a sin-
gle RAII afferent may be of any size; it may be restricted to a single phalanx,
or encompass the entire hand or arm, depending on its sensitivity. Due to
the small number of RAII afferents and their large receptive fields, the RAII
system represents little information about the spatial properties of a tactile
stimulus. Instead, it is responsible for the perception of high-frequency vibra-
tions transmitted through objects contacting the skin (Johnson et al. 2000).

2.2. Cortical Regions Involved in Somatosensory
Processing

Sensory information from the cutaneous mechanoreceptors is transmitted via
the dorsal column in the spinal cord to the medulla oblongata, i.e., the lower
part of the brainstem. The input crosses to the other side of the brain and
is then transferred to the ventroposterior nucleus (VP) of the contralateral
thalamus. Somatosensory cortical areas that receive direct thalamo-cortical
projections are the primary somatosensory cortex (SI), and, to a lesser extent,
the secondary somatosensory cortex (SII).

Primary somatosensory cortex
SI is located in the postcentral gyrus of the anterior parietal cortex and com-
prises four cytoarchitectonically distinct subregions arranged from anterior to
posterior (Figure 2.1). These regions are termed areas 3a, 3b, 1, and 2, accord-
ing to the classification of Brodmann (Brodmann 1909). SI contains several
somatotopic maps of the contralateral half of the body referred to as “sen-
sory homunculus”, which were first identified in the human brain (Penfield and
Boldrey 1937) but also in several nonhuman primates (Merzenich et al. 1978;
Kaas et al. 1979; Nelson et al. 1980). Thalamo-cortical projections end pre-
dominantly in areas 3b and 3a, wheras areas 1 and 2 receive much less direct
input from the thalamus. Instead, areas 1 and 2 receive direct projections
from areas 3b and 3a. This hierarchy in sensory information processing re-
sulted in the view that only area 3b can be considered to be the homologue of

17



Chapter 2. The Human Somatosensory System

Gyrus 

postcentralis
3a

1

2

SI

SII

SPC

IPC
MI

3b

Figure 2.1.: Cortical regions involved in somatosensory processing. SI is located in
the postcentral gyrus of the anterior parietal cortex comprising areas 3a, 3b, 1,
and 2 (see enlarged cutout). SII can be found in the upper bank of the lateral
sulcus. Flanking cortical regions are labeled. MI, primary motor cortex; SPC,
superior parietal cortex; IPC, inferior parietal cortex.

SI in non-primates, which is referred to as “SI proper” (Kaas 1983). There is
further evidence for a functional specialization within SI, according to which
neurons in areas 3a and 2 respond primarily to proprioceptive stimulation,
and neurons in areas 3b and 1 are more sensitive to mechanical stimulation
(Powell and Mountcastle 1959). However, this functional segregation is not
mutually exclusive as areas 1 and 2 integrate both tactile and proprioceptive
information.

Secondary somatosensory cortex
SI is reciprocally connected to SII, which is located in the parietal operculum
in the upper bank of the lateral sulcus (Figure 2.1). The bilateral receptive
fields of SII are larger compared to those of SI. Somatotopic representations of
the ipsi- and contralateral body half were found in several subdivisions of SII
but they are less detailed than those in SI. The parietal ventral area (PV), the
ventral somatosensory area (VS), and area S2 are well preserved subregions of
SII that can be found in many nonhuman species (Cusick et al. 1989; Krubitzer
and Kaas 1990; Krubitzer et al. 1995). With respect to the human brain,
early stimulation studies were limited in their description of SII due to the
deep location in the lateral sulcus and the technique’s insufficient resolution
to describe the organization of SII in any detail. Initial evidence for several
somatotopically organized areas within the human SII came from a functional
imaging study (Disbrow et al. 2000). Postmortem investigations of the human
parietal operculum revealed the existence of four distinct cytoarchitectonic

18



2.3. Tactile Features and Feature Representation

subregions (Eickhoff et al. 2006a,b), which were termed OP 1 to OP 4 (OP
stands for operculum parietale). OP 4, 1, and 3 constitute the putative human
homologues of areas PV, S2, and VS, respectively.

Other somatosensory areas
SII is reciprocally connected to granular and dysgranular fields of the insula.
Friedman and colleagues reasoned that this connection constitutes a cascaded
pathway to brain structures essential for tactile learning and memory (Fried-
man et al. 1986). Neurophysiological recordings in monkeys further showed
that a major portion of this area is involved in somatosensory information
processing (Schneider et al. 1993).
Furthermore, the posterior parietal cortex (PPC) is related to somatosen-

sory processing. Several foci in the PPC receive direct projections from both SI
and SII but also from the thalamus. The PPC can be subdivided into inferior
parietal cortex (IPC) and superior parietal cortex (SPC), which are separated
by the intraparietal sulcus (IPS). Anterior parts of the PPC are implicated
in the spatio-temporal integration of tactile input as well as in somato-motor
control (e.g., Binkofski et al. 1999; Bodegård et al. 2001; Van Boven et al.
2005). The PPC further receives input from different sensory modalities and
appears to play a key role in multisensory integration for higher-level process-
ing (Bremmer et al. 2001). The detailed functional organization of the PPC
remains to be elucidated.
An interesting question is whether a functional dissociation of two processing

streams similar to the two-visual-systems hypothesis (Mishkin and Ungerleider
1982) holds also true in the somatosensory system. It was suggested that the
processing stream from SI via SII to the insula involved in tactile perception
and learning may represent the analogue of the ventral “what” pathway in the
visual system (Mishkin 1979; Friedman et al. 1986). Projections from SI, ei-
ther directly or via SII, to the PPC are implicated in action-related processing.
Therefore, this pathway was suggested to constitute the tactile dorsal equiv-
alent involved in the processing of information about “where” or “how” (Reed
et al. 2005). This proposition is elaborated on in Section 2.4. The dissociation
of object and spatial processing streams seems to be a general principle of
sensory systems, which is reflected in functional specialization in the brain.

2.3. Tactile Features and Feature
Representation

One important function of the somatosensory system is the recognition of me-
chanical stimuli such as objects; for example, when we are searching for a key
in our handbag. Tactile perception is essential for this task. In everyday life,
the surfaces of objects have a panorama of stimulus properties. Each of the
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four classes of mechanoreceptive afferents innervating the glabrous skin differ-
entially transmits a particular profile of stimulus features, which is signaled to
the cerebral cortex, leading to perception. Thereby, different sets of somatosen-
sory afferents are activated simultaneously, and their signals are integrated in
the cortex to form a perceptual representation of the sensory input.
In the following, general features of tactile stimuli are introduced as well

as their representation in the somatosensory system. The reader is referred
to Mountcastle 2005 for more detailed information. In addition, Chapter 4 of
the present thesis elaborates on tactile feature processing in the somatosensory
system.

Orientation
Information about the orientation of objects is of importance to most primates
for their life in trees but also to humans for their use of tools. The perception
of orientation has been studied using intended or scanned bars, ellipsoids,
cylinders, etc. with different orientations. Orientation encoding requires high
innervation density and spatial acuity. These properties are only provided by
SAI afferents, which signal orientation information in their population response
to postcentral neurons (Dodson et al. 1998; Khalsa et al. 1998). At the cortical
level, neurons in SI and SII have been found to selectively respond to specific
stimulus orientations (DiCarlo and Johnson 2000; Hsiao et al. 2002).

Motion and Direction
The sensation of motion is created by sequential displacement of objects con-
tacting the skin and involves lateral force and skin stretch. Motion and/or di-
rection information is signaled by the excitation of different RAI populations,
which successively overlap in the line of movement. SAII afferents transmit
the degree and direction of skin stretch. In the cortical somatosensory system,
responses of SI neurons are modulated by the direction of stimulus motion
(Costanzo and Gardner 1980; Warren et al. 1986).

Texture
The texture of an object’s surface can be perceived by scanning movements
of the finger tip or tongue. Texture perception involves the independent di-
mensions of roughness, softness, and stickiness, resulting from the repetitive
arrangement of small constituent parts of surfaces. A spatial neural mecha-
nism accounts for the perception of textures with larger element separation,
whereas a vibratory one serves perception of finer surface textures. SAI affer-
ents provide a spatial variation code in their population response, and RAII
responses transmit a neural representation of vibrations transmitted through
textured surfaces (for review see Johnson and Hsiao 1992; Hollins et al. 2002).
SAI afferent signals converge upon neurons of area 3b that encode differences
in texture by differences in their discharge frequency (Darian-Smith et al. 1984;
Sinclair and Burton 1991).
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Figure 2.2.: Model of somatosensory processing for perception and action. Dark
grey boxes and broken lines depict areas and pathways involved in somatosen-
sory processing for action. Light grey boxes and lines show those involved in
somatosensory processing for perceptual recognition. The model further differen-
tiates between the processing of external stimuli and internal targets. SI, primary
somatosensory cortex; SII, secondary somatosensory cortex; PPC, posterior pari-
etal cortex. Adapted from Dijkerman and de Haan 2007.

Spatial Form and Pattern
Form is the specific two-dimensional geometric structure of a surface or ob-
ject. The capacity for form and pattern perception at the finger tip is the
same whether the object is touched actively or applied passively, whether it is
stationary or moving across the skin; and it is set by the resolving power of
the somatosensory system. SAI responses provide a robust, isomorphic neural
image of the spatial structure of objects contacting the skin (Phillips et al.
1990). Similar responses have been found for SI neurons (Phillips et al. 1988),
which form the basis for form and pattern perception.

2.4. Model of Somatosensory Processing for
Perception and Action

As described in the previous section, the mechanoreceptive representation of
tactile stimulus properties is transmitted to SI in the postcentral gyrus, where
the input is elaborated further. The processing of simple and complex features
in SI may be only the first in a series of increasingly abstract representations
of mechanical stimuli. In this process, not only stimulus characteristics but
also the purpose of processing may shape the way the information is being
processed. According to this, Dijkerman and de Haan proposed a model of
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somatosensoy processing for perception and action (Figure 2.2; Dijkerman and
de Haan 2007). The authors suggest that a cortical pathway projecting from SI
via SII to the insula is responsible for conscious somatosensory perception and
recognition of objects, with the PPC contributing to spatio-temporal integra-
tion. Information about the properties of an object is provided by higher-order
association areas combining tactile features elaborated in earlier processing
steps. A second cortical stream projects from SI to SII and terminates in the
PPC for action-related somatosensory processing. The aforementioned idea
of a ventral somatosensory pathway terminating in the insula for perceptual
learning was incorporated into the model and extended to include the PPC
involved in tactile object perception. The dorsal somatosensory pathway is
represented by the second cortical stream suggested for action-related pro-
cessing, which terminates in the PPC. According to this, the model proposes
a “what” versus “how” distinction along two different processing streams for
somatosensory perception and action. However, tactile perception usually re-
quires close cooperation with action-related processes. The distinction made
between the two somatosensory streams are thus less independent than the
visual “what” versus “where” distinction. A further segregation can be seen
between somatosensory processing of external stimuli (objects and their fea-
tures) and internal targets (bodily awareness) involving proprioception, which
is referred to as body image in Figure 2.2. The present thesis aims at extending
this model focussing on conscious perception of external tactile input and the
role of feature processing and attentional top-down modulation for tactile per-
ception. Chapter 4 deals with the neural pathways underlying feature-specific
higher-order processing of tactile stimulus attributes. Chapter 5 addresses
top-down directed attentional gating of somatosensory perception.

2.5. Attention in the Somatosensory System

In a world characterized by sensory overload, we are aware of just a small por-
tion of the sensory information that reaches the organism. As a consequence,
we pay attention to some things at the expense of others. Attention plays a
major role in how sensory information is being processed and perceived. Imag-
ine a mild summer evening deep in conversation with friends you may not have
noticed that you got bitten by mosquitoes several times. By this example the
power of selective attention is illustrated indicating two important aspects of
sensory processing: (1) we have a limited capacity for information processing,
which requires that we overlook most of the incoming sensory input, and (2)
attention may be under cognitive control, like a spotlight that can be focussed
on specific sensory information. As a definition, attention is a neural mecha-
nism that allows directing mental efforts onto specific objects or events, such
as external stimuli or internal mental states (Vega-Bermudez and Hsiao 2002).
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Top-down and Bottom-up Mechanisms of Attention
Two different processes of attention can be distinguished. As described above,
attention can be controlled by cognitive factors such as knowledge, expecta-
tion, and current intentions, which allows us to focus our efforts on a specific
stimulus or task. This top-down, or endogenous, mechanism provides us with
the ability to selectively suppress irrelevant information and enhance the rep-
resentations of sensory stimuli that are of current relevance.
On the other hand, sensory perception can also be dominated by external

events. Unexpected, salient, and potentially dangerous events are given high
priority, and are perceived at the expense of ongoing neural activity. These
stimuli are processed by bottom-up, or exogenous, mechanisms, which are
essential as they capture our attention to stimuli such as an alarm signal that
may be of great importance to us. An overview can be found in Corbetta and
Shulman 2002.

Effects of Attention
There are several ways to characterize the effects of attention. Using psy-
chophysiological methods, differences in human sensory performance are stud-
ied while selective attention is switched between different sensory modalities,
different body parts, or different stimulus properties. Human subjects are able
to rapidly engage attention to task-relevant targets, which are in consequence
perceived more rapidly and accurately. An example is the filtering task, in
which two or more features of a stimulus can change. In this task, selective
cueing to the feature that changes reduces response times and improves accu-
racy in detecting that change compared to a neutral or even false cue. Selective
cueing focusses attentional resources (Posner 1986), which also holds for selec-
tive attention in the somatosensory system. In a previous behavioral study,
changes in tactile stimulus attributes were detected with higher accuracy when
validly cued compared to falsely or neutrally cued (Sinclair et al. 2000).
Another approach is to study the effects of attention directly on the re-

sponses of neurons in the nervous system, using neurophysiological recordings
in monkeys or, non-invasively, neuroimaging methods in humans. The assump-
tion is that changes in behavior are accompanied by changes in neural activity
that reflect the attentional effort required to perform the task. Indeed, selec-
tive attention modifies activity specifically in those brain areas that are usually
driven by the attended kind of stimulation (Corbetta et al. 1991). In the com-
petition between different resources selective attention serves to enhance the
processing capacities of particular neural populations during task performance
(Desimone and Duncan 1995). In the somatosensory system attentional effects
can be found in SI and SII as demonstrated by several neuroimaging studies
(Mima et al. 1998; Burton et al. 1999; Johansen-Berg et al. 2000). Increased
activity due to attended tactile stimulus attributes was further observed in
inferior and superior parietal areas as well as in prefrontal cortex (Van Boven
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et al. 2005; Burton et al. 2008). Burton and colleagues reasoned that activity in
frontal and parietal areas indicates resource mobilization for target or response
selection. These cognitive components are involved whenever discriminating
stimulation attributes, whether tactile or visual (Burton et al. 2008). In the
present thesis, Chapter 5 deals with the effects of selective attention on the
processing of tactile stimulus attributes.
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Chapter 3.

Introduction to Functional
Magnetic Resonance Imaging

Functional magnetic resonance imaging (fMRI) is an imaging technique used
to measure the hemodynamic response, i.e., the change in blood flow, which is
related to neural activity, in the human or animal brain. As one of the most
recently developed neuroimaging methods, it dominates the field of functional
brain mapping due to its non-invasiveness, its absence of radiation, and its
wide availability.
In this chapter, the basics of fMRI are introduced, beginning with a short

description of the underlying physics and the relationship between hemody-
namics and magnetic resonance (MR). We move on to a general description of
the methods for statistical analysis of fMRI data that were used in the present
thesis. These include the general linear model for conventional statistical infer-
ence as well as psychophysiological interactions and dynamic causal modeling
for the analysis of functional integration.
The interested reader is referred to Huettel et al. 2009 for a comprehensive

overview of all aspects of fMRI. For more detailed information on statistical
data analysis, we recommend Friston et al. 2006.

3.1. Physics of Magnetic Resonance Imaging
Hydrogen nuclei in the human body bear magnetic moments that align with
the direction of a static magnetic field B0. A radio frequency pulse causes
the nuclei to alter their magnetization alignment relative to the field. The
frequency associated with this “spin flip” is the Larmor frequency

ωL = gB0 (3.1)

where g is the gyromagnetic ratio of hydrogen (Huettel et al. 2009). Radio
frequency pulses and magnetic field gradients can be used with different timing
and amplitude parameters. Adjustments to these parameters allow imaging
of various physiological properties, e.g., structure (anatomical imaging), flow
(perfusion imaging), or neural activity (functional imaging).
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When the electromagnetic field is turned off, the excited magnetic spins
return to the original alignment. The longitudinal relaxation can be described
by the time constant T1. The transverse relaxation decays with the time
constant T2. In physiological tissue the transverse relaxation is more rapid due
to local field inhomogeneities, which can be described by the time constant T2*.
Changes in the T2*-weighted MR signal can be used as indicator for changes
in neural activity as described in the following.

3.2. Hemodynamics and Magnetic Resonance

Neural activity is closely linked to metabolic changes, which include increased
consumption of energy in the respective brain regions (Siesjo 1978). Energy
is supplied in the form of glucose and oxygen. Increased oxygen consump-
tion leads to a rise in local blood volume and local blood flow in regions of
increased neural activity, which is referred to as hemodynamics. The precise
mechanism behind this neurovascular coupling is still not completely under-
stood. As a consequence, the relative concentration of oxyhemoglobin and de-
oxyhemoglobin changes in activated brain regions in concert with changes in
blood volume and blood flow. Oxygenated hemoglobin is diamagnetic, whereas
deoxygenated hemoglobin has paramagnetic properties, leading to local field
inhomogeneities. Thus, the T2*-weighted MR signal of blood differs depend-
ing on the level of oxygenation, which is referred to as blood-oxygen level-
dependent (BOLD) signal (Ogawa et al. 1990). Activated brain regions that
are relatively low on deoxyhemoglobin show a slower decay of the T2*-weighted
MR signal than non-activated brain regions do, which results in an increased
BOLD signal. In brief, fMRI measures the relative absence of deoxyhemoglobin
in a given brain region, which is an indicator for local neural activity (for re-
view see Logothetis and Wandell 2004). Evoked by sensory stimulation, the
hemodynamic response begins to rise at about 2 s post-stimulus and peaks
at 5 to 9 s after stimulus onset before falling back to baseline. The measured
difference in signal intensity is very small, but given many repetitions of an ex-
perimental manipulation, statistical methods can be used to determine those
brain areas that reliably show this difference more frequently, and therefore
may be related to that experimental manipulation.

3.3. Statistical Analysis of Functional Imaging
Data

Before any statistical analysis takes place, functional imaging data generally
undergo a series of spatial transformations in order to reduce variance in the
time-series, which may be induced by head movement or anatomical differences
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among subjects. The statistical analysis of fMRI data used in the present the-
sis is voxel-based, that is, the brain is subdivided into voxels. Voxels are
cubes of variable volume depending on scanning resolution (typically between
8 and 27 mm3) that represent the activity of a particular coordinate in three-
dimensional space. Such a voxel-based analysis assumes that all points in a
specific voxel time-series derive from the same site in the brain. Violations
of this assumption such as subjects’ head movement may induce artifactual
changes in the voxel values. In the following, the most common transfor-
mations are briefly introduced. The preprocessing procedures as well as the
statistical approach used for the individual data analyses in the present thesis
are described in Sections 4.2 and 5.2.

3.3.1. Image Preprocessing

The first preprocessing step is usually the realignment or motion correction of
the images, which accounts for subjects’ movement of the head between scans.
Using a least-squares approach and an affine 6-parameter (rigid body) trans-
formation, the time-series are adjusted such that each of the voxels corresponds
approximately to the same site in the brain.
Functional neuroimaging studies usually involve several participants with

slightly differently shaped brains due to differences in overall brain size or
variations in the topography of gyri and sulci of the cerebral cortex. For that
reason the data are transformed using linear or nonlinear warps into a stan-
dard anatomical space such as the Talairach space (Talairach and Tournoux
1988) or Montreal Neurological Institute (MNI) brain templates. This pro-
cess is referred to as spatial normalization. Even single-subject analyses (e.g.,
case studies) proceed in a standard anatomical space in order to enable the
comparison of the results of different studies.
Finally, the data are often spatially smoothed using Gaussian filters varying

in size in order to account for effects due to residual differences in functional
and gyral anatomy.

3.3.2. Statistical Analysis

Statistical analysis of imaging data comprises (1) modeling the data in order
to separate task-related from confounding effects and residual variability and
(2) making inferences about regionally specific task-related effects (in relation
to the error variance). This classical inference is a statistical comparison of
effects due to the experimental manipulation with the error variance employing
Student’s T or F statistics. This kind of spatially extended statistical approach
to test hypotheses about regionally specific effects is referred to as Statistical
Parametric Mapping (Friston et al. 1991).
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The modeling of fMRI data uses a mass-univariate approach based on the
general linear model (GLM), also known as multiple regression analysis. The
GLM can be described by the equation

Y = Xβ + ε (3.2)

that expresses the observed response variable Y in terms of a linear combina-
tion of explanatory variables X and an additional error term ε (Friston et al.
1995). The so-called design matrix X that contains the explanatory variables
defines the experimental design. It has one row for each scan and one column
for each effect that may be task-related or that may confound the results (ex-
planatory variables, covariates, or regressors) as schematically illustrated in
Figure 3.1 (on the left). The explanatory variables are modeled by convolving
a series of stick or box functions (indicating the onset of events or epochs, re-
spectively) with a set of basis functions. This set of basis functions is referred
to as hemodynamic response function (HRF), which models the hemodynamic
convolution that the brain applies to the input.
After the model is fitted to the experimental data, inferences about relative

contributions of each of the explanatory variables can be made. This is done
using T or F contrast vectors to produce statistical parametric maps (SPMs;
Figure 3.1, right). Contrast vectors are referred to as contrasts and contain
contrast weights that yield a weighted sum or compound of parameters tested.
As an example, the contrast [1 1 -1 -1 . . .] displayed above the columns of the
first-level design matrix in Figure 3.1 can be used to compare experimental
conditions. The SPM contains T or F statistics that allow delineating the
relative statistical significance of regionally specific effects. Inference is usually
based on height and/or spatial extent thresholds at the peak or cluster level.
Peak level refers to the chance of finding a peak with this or a greater height,
and cluster level refers to the chance of finding a cluster with this many or a
greater number of voxels.
The analysis of data from group studies usually proceeds in two stages us-

ing models at two levels (Figure 3.1). This approach is termed mixed-effects
analysis (Friston et al. 1995). At the first level, within-subject analyses are
implemented for each subject (Figure 3.1, left), which are also used for the
analysis of case studies. In a group study, however, one wishes to make in-
ferences about the population, from which the subjects were drawn. For this
purpose, contrast images from each subject’s first-level analysis are used as
summary measures of subject responses, which are then entered as data into
a second-level model (Figure 3.1, middle). The examplary second-level design
matrix in Figure 3.1 contains one observation (i.e., contrast) per subject. The
error variance is computed using the between-subjects variability of estimates
from the first-level analysis. Inference about the population can then be made
by entering contrasts into the second-level analysis.
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Figure 3.1.: Mixed-effects analysis for population inference. The analysis of group
data proceeds in two stages using models at two levels. The exemplary first-level
design matrix of the within-subject analysis includes five explanatory variables
(onsets of experimental conditions convolved with a hemodynamic response func-
tion) and a constant term per session. Subjects’ contrast images of the first-level
analysis enter the second-level design matrix. Effects are tested using T or F statis-
tics that constitute the SPM. A maximum intensity projection of the thresholded
SPM that conforms to a standard anatomical space is shown on the right.

As mentioned above, the analysis of imaging data is a voxel-based approach,
which means that many statistical tests are being conducted. The comparison
of signal intensities at a large number of voxels may result in falsely detecting
background brain activity as task-related activity. In order to prevent false
positives, a correction for multiple dependent comparisons has to be made,
which can be achieved using Gaussian random field (GRF) theory (Worsley
et al. 1996). GRF theory allows for the adjustment of the p-value for the
search volume of the SPM. This procedure for continuous data such as images
is equivalent to the Bonferroni correction for discrete data.

3.4. Functional Integration and Effective
Connectivity

Up to here, we only considered the identification of regionally specific brain ac-
tivity that can be attributed to a specific task or experimental manipulation,
which is referred to as functional specialization. Another principle of brain
organization is functional integration, which concerns interactions among spe-
cialized brain areas and how these interactions depend on the given context.
Functional integration can be assessed by testing the correlations among activ-
ity in different brain areas (i.e., functional connectivity) or by trying to explain
the activity in one area in causal relation to other areas (i.e., effective connec-
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tivity). By definition, effective connectivity refers explicitly to the influence
that one neural system exerts over another (Friston 1995). The fundamen-
tal difference between functional and effective connectivity is that correlations
between activity in different brain areas do not necessarily imply direct or
indirect neuronal interactions, whereas effective connectivity does. In the fol-
lowing, the principles of the two approaches to estimate effective connectivity
used in the present thesis are introduced. These are psychophysiological in-
teraction (PPI) models and dynamic causal modeling (DCM). More detailed
information can be found in Friston et al. 2006.

3.4.1. Psychophysiological Interaction Models

The concept of PPIs was introduced as a method for the analysis of effec-
tive connectivity in the late nineties (Friston et al. 1997). According to this,
activity in any given brain area can be explained in terms of an interaction be-
tween the influence of another area (i.e., the physiological variable) and some
experimental factor (i.e., the psychological variable). PPIs combine two im-
portant concepts, namely (1) factorial designs, which are used to investigate
interactions between two or more psychological variables, and (2) effective
connectivity, which refers to interactions between two physiological variables.
Using a relatively simple procedure PPI models provide evidence for interac-
tions between distributed cortical networks and enable inferences about task-
dependent changes in cortical organization.
Technically, PPI terms are introduced as explanatory variables into the

GLM, which allows statistical parametric mapping to estimate significance and
magnitude of the effect. Equation 3.2, which describes the GLM, is augmented
as follows to include the PPI term (Friston et al. 2006):

Y = [X u× yi]β + ε (3.3)

The Hadamard product u× yi, which represents the PPI, is obtained by mul-
tiplying the psychological variable u (the input) and the physiological variable
yi (the response) measured at the i-th brain region. The design matrix X,
which contains the main effects, has to be included to allow assessing addi-
tional explanatory power of the PPI. The regional significance of the PPI can
be estimated using an SPM as is the case with a traditional GLM analysis.

3.4.2. Dynamic Causal Modeling

DCM, on the other hand, is not a method for making inferences about BOLD
responses but rather directly about the neural processes that underlie the
measured BOLD time series. Introduced by Friston et al. 2003, the idea is
to estimate the parameters of a neural system model such that the difference
between the predicted BOLD responses and the observed BOLD time series is
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Figure 3.2.: Conceptual basis of DCM. The neural dynamics in a cortical network
(left) is modeled using a bilinear state equation (box), which is integrated to give
the predicted neural dynamics (z). z enters a model of the hemodynamic response
(λ) to give predicted BOLD responses (y). Model parameters are estimated such
that the difference between predicted and measured BOLD responses is minimized.
Experimental perturbations enter the model in form of driving inputs (u1) that
elicit responses directly, and modulatory inputs (u2) that change the connection
strengths. Intra-areal inhibition prevents self-reinforcing activity in the system.

minimized (see Figure 3.2 for an overview). A prediction of the BOLD signal
is obtained by transforming the modeled neural dynamics into hemodynamic
responses. Within this framework, an fMRI experiment can be considered
as experimental manipulation of interactions among brain regions via effec-
tive connectivity. Incidentally, the use of DCM is not restricted to functional
imaging data. DCMs can theoretically be formulated for any measurement
technique using appropriate state equations and observation models.

Neural State Equations
Importantly, the neural dynamics in a system of k interacting brain regions
can not directly be observed using fMRI. The neural dynamics is modeled at
the hidden level of a DCM. Each modeled region i is represented by a state
variable zi, and the dynamics of the system is described by the change of the
neural state vector over time. For k neuronal states z = [z1, . . . , zk]

T , the
temporal evolution is formulated in the neural state equation

ż = F (z, u, θn) (3.4)

as a function of the current state, the external inputs u, and the parameter
vector θn that defines the functional architecture and interactions among brain
regions at a neuronal level (Friston et al. 2006). The inputs may enter the
model in one of two forms: (1) driving inputs (e.g., sensory stimulation) elicit
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responses through direct influences on early sensory regions and (2) modulatory
inputs (e.g., changes in cognitive set) may change the coupling strength among
connected regions. z and u are time-dependent whereas θn is time-invariant.
In DCM for fMRI, F has the bilinear form

ż = (A+
∑

ujBj)z + Cu (3.5)

The parameters θn = {A,B1, . . . , Bl, C} can be expressed as partial derivatives
of F:

A =
∂F

∂z
=
∂ż

∂z

Bj =
∂2F

∂z∂uj

=
∂A

∂uj

C =
∂F

∂u

(3.6)

These coupling matrices describe the causal components, which underlie the
modeled neural dynamics. The connectivity matrix A(k, k) represents the
context-independent effective connectivity among k brain regions mediated by
anatomical connections. This can be thought of as the regional coupling in the
absence of external input. The matrices Bj(k, k) encode the context-dependent
changes in effective connectivity induced by the j-th input uj. These terms
are referred to as bilinear because they are second-order derivatives. The
matrix C(k, l) gives the external inputs into the system that drive regional
activity. The posterior densities of these parameters allow for inferences about
the impact that experimental perturbations may have on the dynamics in the
modeled system.

The Hemodynamic Model
In order to predict the BOLD responses, the model of the neural dynamics is
combined with a hemodynamic model, the so-called Balloon model (Friston
et al. 2000). Briefly summarized, it consists of four biophysical state variables
(s, f, v, q), which form the BOLD signal and transform neuronal activity into
hemodynamic responses. A set of differential equations describes the relations
between these state variables using five parameters θh = {κ, γ, τ, α, ρ}. The
activity-dependent vasodilatory signal s leads to increases in blood flow f and
subsequently to changes in blood volume v and deoxyhemoglobin content q.
The predicted BOLD signal y is a non-linear function of v and q. Please refer
to Friston et al. 2000 for more detailed information.

The Likelihood Model
Combining the neural and hemodynamic states into a joint state vector x =
{z, s, f, v, q} gives the full forward model

ẋ = F (x, u, θ)

y = λ(x)
(3.7)
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with the joint parameter vector θ =
{
θn, θh

}
. For any given set of parameters θ

and inputs u, predicted BOLD responses h(u, θ) can be obtained by integrating
the joint state equation and passing it through the output non-linearity λ

y = h(u, θ) +Xβ + ε (3.8)

Additional observation error ε and any other confounding effects X (e.g.,
scanner-related signal drifts) transform the dynamic model into a likelihood
model. The vector β contains the unknown coefficients for confounds.

Estimation and Inference
Equation 3.8 is the basis for the estimation of the neural and hemodynamic
parameters from the measured BOLD responses using a Bayesian approach.
Details of the parameter estimation scheme can be found in Friston et al. 2003.
After fitting the model to the fMRI data, the posterior distributions of the
parameters can be used to test hypotheses about significance and magnitude
of effects at the neural level. In principle, any of the parameters in the model
could be used for making inferences, however hypothesis testing usually aims
at context-dependent changes in effective connectivity (i.e., parameters from
the B matrices). This allows making inferences about the coupling among
the modeled brain areas and how the coupling is influenced by changes in the
experimental context.

Bayesian Model Selection (BMS)
Given some data and different models, how do we know, which of these models
is optimal? This question of model goodness concerns any kind of modeling
approach in general. Importantly, it is not sufficient to consider the relative fit
of the different models, one also needs to take into account their relative com-
plexity. There is a trade-off between model fit and generalizability: model fit
increases with increasing model complexity but its generalizability decreases,
which is referred to as overfitting.
Therefore, it is important not to select the optimal model but the one with

the best balance between fit and complexity. In a Bayesian context, this can
be approached by comparing their model evidence p(y|m). According to Bayes
theorem

p(θ|y,m) =
p(y|θ,m)p(θ|m)

p(y|m)
(3.9)

the evidence of a model m is simply the normalization term for the product
of the likelihood of the data y and the prior probability of the parameters θ,
given by

p(y|m) =

∫
p(y|θ,m)p(θ|m)dθ (3.10)

For non-linear models, this integral can not be solved analytically but there are
various approximations, e.g., the Laplace approximation used by DCM (Penny
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et al. 2004), which takes into account that the optimal model should represent
the best compromise between fit and complexity.
Two models mi and mj can then be compared using the Bayes factor:

Bij =
p(y|mi)

p(y|mj)
(3.11)

When Bij > 1 the data favor model mi over model mj, when Bij < 1 the data
favor mj. A Bayes factor of greater than 20 is strong evidence for the given
model (Kass and Raftery 1995). This corresponds to the posterior probability
of greater than 0.95 for this model (similar to the p<0.05 criterion employed in
classical inference). Note that this comparison is only valid for identical data
y in all models. In DCM for fMRI, the data represent the observed BOLD
time series of all areas in the model. Therefore, only models containing the
same areas can be compared.

BMS at the Group Level
For BMS at the group level, one has to decide between fixed-effects (FFX)
and random-effects (RFX) analysis. In the FFX case, it is assumed that the
modeled processes do not vary across the subjects in the population, which
applies, for instance, when studying basic physiological mechanisms. Under
the FFX assumption the product of the individual Bayes factors can be used
as criterion for the comparison (Stephan et al. 2009). This group Bayes factor
quantifies the relative goodness of models considering the group as a whole.
However, when investigating cognitive tasks that may be performed using

various cognitive strategies, it is more appropriate to apply an RFX BMS
procedure. Using variational Bayes the posterior probabilities of competing
models are estimated (Stephan et al. 2009). This allows assessing how likely
it is that a specific model generated the data of a randomly chosen subject
(i.e., the expected posterior model probability). A further measure that can
be assessed is the exceedance probability that one model is more likely than
any other model, given the group data.
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Chapter 4.

Feature-specific Processing of
Tactile Stimulus Attributes

As introduced in Chapter 2, human somatosensation can supply the organism
with information about “where” (e.g., on the left forearm), “what” (e.g., a rain-
drop or an insect), and “how” (e.g., moving towards the hand) environmental
stimuli are experienced. Compared to vision, however, the neuronal pathways
underlying the processing of specific tactile stimulus attributes are still largely
controversial.
In this chapter, we present the experimental investigation carried out to

study the neuronal pathways underlying feature-specific processing of tactile
stimulus attributes, namely motion and pattern. This is the first of the two
studies that form the basis for the present thesis. First, we introduce the
latest state of the knowledge in the field and give a short motivation for this
investigation. We move on to a detailed description of the methods used as
well as a comprehensive presentation of the results. Finally, the significance
of the results is discussed and how the conclusions drawn contribute to the
current knowledge in the field.

4.1. Introduction

The best studied dimension of somatosensory perception is the location of tac-
tile stimuli on the body surface, which is long known to be represented in a
somatotopic manner in SI and SII, as described in Section 2.2 of the present
thesis. There is, however, accumulating evidence that also more complex tac-
tile stimulus attributes, such as motion and pattern, are already coded in
these areas of the somatosensory processing circuits. For instance, neurophys-
iological studies in monkeys have identified populations of SI neurons whose
responses are modulated by the direction of stimulus motion (Costanzo and
Gardner 1980; Warren et al. 1986; Ruiz et al. 1995). More recently, orientation-
tuned neurons have been found in SI (DiCarlo and Johnson 2000; Bensmaia
et al. 2008) and SII (Hsiao et al. 2002; Fitzgerald et al. 2006), and SI has been
shown to play an important role in tactile pattern recognition (Phillips et al.
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1988; Hsiao et al. 1993; DiCarlo and Johnson 2002). Human neuroimaging
studies have consistently demonstrated activity in SI and SII related to the
discrimination of moving tactile stimuli (Burton et al. 1999; Bodegård et al.
2000), and SI has been associated with the processing of tactile form (Bodegård
et al. 2001; Van Boven et al. 2005). The involvement of SII in tactile form dis-
crimination is not yet fully elucidated as there is both supporting (Van Boven
et al. 2005) and contradicting evidence (Hinkley et al. 2009).
Beyond SI and SII, the pathways of tactile motion and pattern processing are

less clear. There is some evidence that the anterior part of the supramarginal
gyrus in the IPC is involved in tactile discrimination of shapes and/or form
(Hadjikhani and Roland 1998; Bodegård et al. 2001; Van Boven et al. 2005).
Lesion studies further indicated that there are somatosensory association areas
in the IPC assumed to be specific to tactile shape processing (Reed and Caselli
1994; Reed et al. 1996).
Functional imaging studies have shown that the processing of tactile stim-

ulus features is often characterized by activity in areas that are traditionally
associated with visual equivalents of these features. Tactile motion, for exam-
ple, has been found to engage area hMT+/V5 in the middle temporal cortex,
both in sighted (Hagen et al. 2002; Blake et al. 2004; Summers et al. 2009)
and in congenitally blind individuals (Ricciardi et al. 2007; Matteau et al.
2010; Sani et al. 2010). First identified as responsive to visual motion in the
middle temporal cortex of the monkey (Dubner and Zeki 1971), area MT/V5
and neighboring motion-sensitive areas such as the medial superior tempo-
ral area (MST) were collectively termed MT+/V5. The human homologue
of this region identified using non-invasive neuroimaging (Zeki et al. 1991;
Watson et al. 1993; Tootell et al. 1995) has long been considered a purely
visual motion-sensitive area. Similarly, processing of tactile shapes typically
activates extrastriate areas such as the LOC, which plays a crucial role in visual
object shape perception (Amedi et al. 2001; Stoesz et al. 2003; Pietrini et al.
2004; Stilla and Sathian 2008). One possible explanation for the recruitment of
these specialized visual areas during processing of complex tactile information
may be visual imagery of tactile stimulus features (e.g., Lacey et al. 2010; but
see Beauchamp et al. 2007). The actual function of these areas during tactile
information processing, however, remains poorly understood.
Recent findings suggest that somatosensory processing of tactile motion and

pattern may also involve areas that are not directly associated with any spe-
cific sensory modality. One such multisensory region is the intraparietal area
lining the IPS in the posterior parietal cortex. The IPS contains multiple
parietal fields, among others the anterior and the ventral intraparietal area
(AIP and VIP) described in monkeys (Culham and Kanwisher 2001; Grefkes
and Fink 2005; Culham et al. 2006). Bremmer and colleagues identified a
ventral area in the human anterior IPS (aIPS) involved in visual, tactile, and
auditory motion processing (Bremmer et al. 2001) that might be equivalent to
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the motion-sensitive multisensory association area VIP in monkeys. Similar
to the monkey AIP, which is highly responsive to size, shape, and orientation
of objects, parts of the human aIPS were shown to be engaged in visual and
tactile discrimination of grating orientation (Shikata et al. 2001; Kitada et al.
2006), in form perception (Bodegård et al. 2001; Van Boven et al. 2005), and
in object recognition (Binkofski et al. 1999; Grefkes et al. 2002).

Despite these recent advances in delineating the cerebral networks engaged
in tactile form and motion processing, a clear consensus regarding the specific
processing pathways is still lacking. This may in particular be due to large
methodological differences regarding stimulus characteristics (two- or three-
dimensional stimuli), task (discrimination, recognition, or naming), and ex-
ploratory strategies (passive or active, single digit or whole hand). In fact,
compared to studies of vision, experimental investigation of complex tactile
sensations is often complicated by the problem of mechanically administering
well-described and replicable cutaneous input that creates the percept of in-
terest (such as motion, shape, or object orientation), ideally unconfounded by
active motor exploration.

Here, we investigated the processing of complex tactile information using
a finger-tip-sized multi-pin stimulation device similar to a Braille display to
induce the sensation of moving and stationary bar patterns within a circum-
scribed area of glabrous skin. The percepts of interest were created during pas-
sive touch under fully specified physical stimulus conditions, thereby achieving
a high level of control over the mechanical input. Using a passive stimulation
paradigm, not requiring any overt response to the stimuli of interest, further
ensured that the results were not affected by response-induced BOLD signal
changes in the somatosensory system. Both for moving and for stationary
patterns, matched control stimuli were designed that preserved the overall
physical dynamics of the stimuli of interest but did not induce a percept of
motion or pattern, allowing us to contrast motion- and pattern-specific activity
in a balanced experimental design.

For a fine-grained analysis of the neuronal networks engaged in processing of
tactile motion and patterns, we utilized ultra-high-field fMRI at 7 Tesla. In the
analysis, we investigated to what extent specialized visual and/or multisensory
areas are recruited under tightly controlled tactile stimulation conditions, and
sought to determine the relations between subject-specific brain activity in
these areas and the outcome of individual behavioral performance in identifying
the stimulus attributes of interest. Furthermore, we studied stimulus-induced
changes in effective connectivity between these specialized cortical areas and
somatosensory cortices in order to characterize functional integration during
tactile information processing.
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4.2. Materials and Methods

Participants
Thirteen healthy volunteers (aged between 22 and 35 years; nine males, one
left-handed) participated in the study with written informed consent. The
study corresponded to the Human Subjects Guidelines of the Declaration of
Helsinki and was approved by the Local Ethics Committee at the faculty of
medicine, Otto-von-Guericke-University of Magdeburg.

Stimuli
Tactile stimulation was applied to the left index finger by a 16-dot piezoelectric
Braille-like display (4x4 quadratic matrix, 2.5 mm spacing) controlled by a
programmable stimulation device (Piezostimulator, QuaeroSys, St. Johann,
Germany). On each trial, the pins of the display were driven for 4000 ms by a
144 Hz sinusoidal carrier signal, which was amplitude-modulated by different
sets of rectified 2 Hz sine functions (see Figure 4.1a for illustration). Four
different stimulus types were designed to create the sensation of (1) a moving
bar pattern, (2) a moving random stimulus, (3) a stationary bar pattern, or
(4) a stationary random stimulus.
For the moving bar pattern (1), all pins forming a diagonal on the quadratic

display were driven by a rectified 2 Hz sine function, with half cycles repeating
every 250 ms. From diagonal to diagonal, the phase of the sine function was
shifted by π/4 (62.5 ms, corresponding to a quarter of its rectified half cycle;
see Figure 4.1b for illustration). This directed propagation of the diagonals’
phase across the display plane created the sensation of a bar pattern travelling
smoothly across the finger tip. The orientation of the diagonals and the di-
rection of movement were randomly varied from trial to trial. For the moving
random stimulus (2), the same set of driving signals was used as for (1), but
each of the four different sine phases was randomly assigned to four randomly
chosen pins. This corresponded to a random spatial permutation of the indi-
vidual pin movements displayed in (1) and created a percept of unsystematic,
disorderly motion across the display plane.
For the stationary bar pattern (3), every second diagonal of the display

was driven identically to (1), thus oscillating at opposite phases of the half
cycle. The remaining pins, however, (i.e., the interleaved diagonals) were all
synchronously driven by the same signal (Figure 4.1c). As a result, due to
the absence of a directed phase shift, the bar pattern did not propagate across
the display plane but created the percept of a stationary pattern, which was
periodically elevated and retracted (i.e., along the z-axis). In order to ensure
identical root mean square (RMS) amplitudes in each stimulus condition at
each time point, the instantaneous amplitude of the interleaved diagonals in
(3) was set to the average of the corresponding driving signals used in (1).
For the stationary random stimulus (4), the driving signals used for (3) were
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Figure 4.1.: Illustration of tactile stimuli used. (a) The pins’ driving signal was a
144 Hz sinusoidal carrier, which was amplitude-modulated by a rectified 2 Hz sine
function. (b) A directed propagation of the diagonals’ sine phase across the display
plane resulted in a percept of a bar pattern travelling smoothly across the finger
tip. Both upward and downward diagonal orientations were used corresponding
to orthogonal moving directions. For moving random stimuli, each of the four
sine phases was assigned to four randomly chosen pins (not shown). (c) Diagonals
oscillating at opposite phases created the percept of a stationary bar pattern,
which was periodically elevated and retracted. Again, both diagonal orientations
were used. For stationary random stimuli, the driving signals were assigned to
sets of randomly chosen pins (not shown). (d) The target stimulus presented in
“catch” trials was an oscillating square.
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randomly assigned to randomly chosen pins, creating a percept of a disorderly
structured surface, which was periodically elevated and retracted. The four
stimulus types were matched according to the overall physical dynamics rather
than to the subjectively perceived salience of the different stimulus attributes.
This allowed for a priori unbiased investigation of covariations between the
fMRI results and subjects’ individual perceptual performance.
During scanning, presentation of the four stimulus types was not associated

with any behavioral task. To ensure that participants maintained attention to
the tactile stimulation throughout the scanning sessions, they were instructed
to report the occurrence of a distinct tactile stimulus, which was infrequently
presented (“catch trials”). The target stimulus was markedly different from the
moving or stationary gratings of interest. It consisted of a square (Figure 4.1d),
with the outer pins of the display oscillating at rectified 2 Hz. The inner
pins of the display were driven such that across the stimulation period the
average RMS amplitude of the target stimulus was identical to the average
RMS amplitude of the four main stimuli. Stimulus presentation was controlled
using custom MATLAB code (v7.5, The MathWorks, Natick, MA) and the
Cogent 2000 toolbox (http://www.vislab.ucl.ac.uk/cogent.php).

Behavioral Data
Prior to the experiment, participants were familiarized with the stimulation
device and with the different types of stimuli. Before and after scanning, sub-
jective discriminability of the stimuli was assessed using a short behavioral
classification task (pre- and post-test; 48 trials each). To avoid ceiling effects,
the four main stimulus types were presented in a four-alternative classifica-
tion task, which was more difficult than detecting the presence of the two
stimulus features of interest (motion and pattern). Individual perceptual per-
formance levels for motion and pattern identification were inferred from the
four-alternative classification data by collapsing correct classifications of the
stimulus attribute of interest while disregarding false classifications along the
other stimulus dimension.

Design & Procedure
The fMRI experiment consisted of three sessions. Each session comprised 64
stimuli (16 of each stimulus type: moving bar patterns, stationary bar patterns,
moving random stimuli, and stationary random stimuli), 16 null events, as
well as 4 catch trials, in which the target stimulus was presented. All trials,
including null events, had a duration of 4000 ms and were presented in pseudo-
random serial order, such that each type of event occurred equally often in each
quarter of the session. The inter-stimulus interval (ISI) was randomly varied
between 2500 and 7500 ms. Participants were instructed to keep their eyes
closed throughout the experiment and to press a response key with their right
index finger only when they detected the target stimulus, which was presented
infrequently.
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fMRI Data Acquisition
Functional imaging was performed on a 7 Tesla Magnetom MRI scanner (Sie-
mens, Erlangen, Germany) with a 24-channel head-coil system (Nova Medical,
Wilmington, MA, USA). T2*-weighted functional images were acquired using
an echo planar imaging (EPI) sequence (TR = 2500 ms, TE = 21 ms, flip
angle = 80◦). For each session, 340 EPI volumes were obtained, each consisting
of 46 axial slices covering the whole brain in an ascending order (slice thickness
2.5 mm, distance factor 0.25, in-plane resolution 2x2 mm, matrix size 106x106).
To achieve this high spatial resolution with single-shot EPI acquisition, parallel
imaging with an acceleration factor of two and a partial Fourier acquisition
scheme (75%) were applied.

Data Preprocessing
Functional images were preprocessed and analyzed using Statistical Parametric
Mapping (SPM8, Wellcome Department of Imaging Neuroscience, University
College London, UK). The first four volumes of each experimental session were
discarded in order to allow the MR signal to reach equilibrium. To minimize
movement-induced image distortions, each data set was realigned to the first
image of the first session as described in Section 3.3. The realigned images
were spatially normalized to the standard MNI template brain and smoothed
using an isotropic, three-dimensional Gaussian kernel of 2 mm full-width at
half-maximum (FWHM). This small kernel size was chosen to do not blur
the fine-grained spatial resolution of the 7 Tesla data. To remove global effects
from the fMRI time series, detrending was applied based on a voxel-level linear
model of global signal (LMGS; Macey et al. 2004). The images were high-pass
filtered (cut-off frequency 1/128 Hz) in order to remove low-frequency signal
drifts. To reduce high-frequency noise, serial correlations were modeled using
an autoregressive model.

Statistical Data Analysis
A standard two-level mixed-effects model (Friston et al. 1995) as introduced
in Section 3.3 was used for statistical analysis. At the first level, multiple
regression within the framework of the GLM was employed to implement a
within-subject analysis. For each data set, BOLD responses were modeled
by stick functions (multiplied by the stimulus duration) indicating the onsets
of the stimuli of interest (i.e., moving bar patterns, moving random stimuli,
stationary bar patterns, stationary random stimuli). These regressors were
then convolved with a standard HRF and included in the GLM. Two further
regressors were added as modulatory effects, indicating the orientation (upward
or downward diagonal) of moving and stationary patterns. Null events were
modeled with a separate regressor to obtain a baseline. A stimulus function
for nuisance effects comprised catch trials and false alarms. To account for
occasional signal intensity changes within slices due to increased susceptibility-
induced frequency variations at higher field strengths (van der Zwaag et al.
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2009), seven additional nuisance regressors were included. These corresponded
to the first seven eigenvariates, which were extracted exclusively from signals
outside the brain in a previous SPM analysis (thresholded at p<0.05). After
the model was fitted to the experimental data, contrast images were generated
from the stimulus functions’ parameter estimates for each of the four stimulus
types of interest. At the second level, the individual subjects’ contrast images
were entered into a 2x2 within-subjects ANOVA with factors motion (moving
or stationary) and pattern (patterned or random). This allowed computing
differential effects between the different stimulus types, using contrast vectors
to produce SPMs. An additional covariate comprised the individual subjects’
accuracy levels for the classification of the four stimulus types (mean of pre-
and post-test) to account for variance due to performance differences.
To identify the overall neuronal network involved in somatosensory percep-

tion, contrast images were generated at the subject level in order to compare
all tactile stimulation conditions with the null events. At the group level, a
one-sample t-test was calculated using the individual subjects’ contrast images.
To assess possible BOLD differences for motion direction and pattern ori-

entation, the individual subjects’ contrast images that were generated from
the two regressors indicating bar orientation for moving patterns and station-
ary patterns were entered into another ANOVA. To consider effects of both
directions or orientations F-contrasts were computed. These contrasts were ex-
amined within the activation maps that resulted from contrasting moving with
stationary stimuli and patterned with random stimuli to identify differential
effects within motion- and pattern-specific areas.
Another matter of interest was to investigate performance-dependent covari-

ation in regions involved in tactile motion and pattern processing. The indi-
vidual subjects’ accuracy in pattern and motion discrimination was correlated
with the individual subjects’ parameter estimates of peak voxels in the areas
identified for motion and pattern processing as desribed above (hMT+/V5;
x = -44, y = -70, z = -2 and IPC; x = -60, y = -56, z = 32). Subjects’
accuracy in identifying moving and patterned stimuli correctly was inferred
from the mean classification performance in the behavioral pre- and post-test.
These tests were Bonferroni corrected for multiple comparisons.

PPI Analysis
The effective connectivity of areas involved in motion and pattern processing
was assessed using PPI analyses (Friston et al. 1997) introduced in Section 3.4.
Spheres with a radius of 5 mm constructed around peak voxels of the motion
and pattern activation located in left hMT+/V5 (x = -44, y = -70, z = -2)
and left IPC (x = -60, y = -56, z = 32) served as seed regions for extract-
ing the first eigenvariate of the signal. At the subject level, the physiological
variable was extracted and psychophysiological interaction terms were created
for moving vs. stationary stimuli as well as for patterned vs. random stim-

42



4.3. Results

SI

SII

SII

aIPSIFG

LPFC

IFG

LPFC

pre-SMA

Figure 4.2.: Overall neuronal network associated with tactile stimulation. Con-
trasting tactile stimulation trials with null events revealed a distributed network
involved in tactile information processing. SI, primary somatosensory cortex; SII,
secondary somatosensory cortex; aIPS, anterior intraparietal sulcus; IFG, inferior
frontal gyrus; LPFC, lateral prefrontal cortex; pre-SMA, pre-supplementary motor
area.

uli. Subsequently, these terms were entered into GLMs. At the group level,
contrast images of the PPIs were analyzed using one-sample t-tests.

Statistical Inference
All reported coordinates correspond to the anatomical MNI space. The SPM
anatomy toolbox (Eickhoff et al. 2005) was used to establish cytoarchitectonic
reference. To investigate the overall effects of tactile stimulation, we used a
significance threshold of pcluster<0.05, corrected for multiple comparisons. This
activation map was used as a mask to investigate stimulus-specific differences
within the network associated with tactile stimulation. Based on a priori
assumptions (e.g., Bodegård et al. 2000, 2001), the significance threshold was
chosen more liberally (p<0.005, uncorrected). This threshold was also used
for the additional analysis of BOLD signal changes for motion direction and
pattern orientation. To assess differential effects between stimulus conditions
regarding the entire brain, that is, also including areas that may not have
been generally activated by tactile stimulation, we used solely the conservative
threshold of pcluster<0.05, corrected for multiple comparisons. This threshold
was also used for the PPI analyses.

4.3. Results

Behavioral Data
On average, participants’ perceptual performance was 71% (SEM = ±3%)
in discriminating moving from stationary stimuli and 72% (SEM = ±3%) in
discriminating patterned from random stimuli. These accuracies were inferred
from the mean classification performance before and after scanning and were
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Region Hemisphere x y z T-value
Primary somatosensory cortex R 52 -22 44 12.61
Secondary somatosensory cortex R 52 -16 16 10.29

L -58 -20 16 10.30
Anterior intraparietal sulcus R 40 -48 62 8.85

L -38 -50 48 6.55
Inferior frontal gyrus R 56 10 22 9.79

L -52 12 30 11.63
Lateral prefrontal cortex R 42 40 16 5.81

L -42 32 18 7.59
Pre-supplementary motor area R/L 2 16 46 7.56

Insular cortex R 36 22 -2 9.25
L -36 18 -2 6.02

Thalamus R 10 -14 4 5.81
L -10 -12 -2 5.38

Cerebellum R 24 -66 -24 8.53
L -24 -50 -28 9.95

Table 4.1.: Functional regions active during tactile stimulation. x, y, z are MNI
coordinates (mm). T-values are local maxima within a significant cluster of ac-
tivated voxels with pcluster<0.05, corrected for multiple comparisons (group-level
analysis). R, right hemisphere; L, left hemisphere.

significantly higher than chance level (50%; both p’s < 0.001, two-tailed t-
test). No significant differences between the performance levels in the pre- and
post-tests were observed (p = 0.43 and p = 0.18, respectively).
Regarding the target detection task during the fMRI experiment, partici-

pants detected on average 77% of the 4 catch trials per session correctly. Acci-
dental key presses during the presentation of the main stimuli were rare (2.5%).

fMRI Data
To identify the overall neuronal network involved in somatosensory perception,
all tactile stimulation conditions were contrasted with the null events. In line
with previous findings (Van Boven et al. 2005; Pleger et al. 2006; Beauchamp
et al. 2007), this contrast revealed increased activation in contralateral SI in
the postcentral gyrus (areas 3b, 1, 2) and in bilateral SII/parietal operculum
(OP 1, 4), as well as in aIPS (areas hIP3, hIP2), inferior frontal gyrus (IFG;
area 44), lateral prefrontal cortex (LPFC), pre-supplementary motor area (pre-
SMA; area 6), insular cortex, thalamus, and cerebellum in both hemispheres
(Figure 4.2 and Table 4.1).
Assessing stimulus-specific differences within the network identified above,

the comparison between moving and stationary stimuli revealed an increased
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Figure 4.3.: Differential effects within the network associated with tactile stimula-
tion (shown in Figure 4.2). (a) Contrasting moving with stationary trials revealed
increased activity in SI and SII (blue). Contrasting patterned with random stim-
uli showed increased activity in aSPC and SI (red). (b) The regressor for moving
pattern orientation revealed directionality effects for moving patterns in SI and
SII (blue). Differential effects for pattern orientation of stationary patterns were
found in aIPS (red). SI, primary somatosensory cortex; SII, secondary somatosen-
sory cortex; aSPC, anterior superior parietal cortex; aIPS, anterior intraparietal
sulcus.

BOLD response in contralateral SI (areas 3b, 1; x = 46, y = -30, z = 60) and
SII (OP 4; x = 48, y = -8, z = 10), shown in Figure 4.3a (blue). Contrast-
ing patterned with random stimulus trials revealed an increased activation in
contralateral SI (areas 3b, 1, 2; x = 42, y = -30, z = 56) and anterior superior
parietal cortex (aSPC; area 7; x = 30, y = -48, z = 54), shown in Figure 4.3a
(red). For proper evaluation of the hemodynamic response profiles, BOLD
time courses can be found in Appendix A (Figures A.1 and A.2). The analysis
of interaction effects revealed no significant results.
We further investigated BOLD signal changes for the two possible pattern

orientations (upward and downward diagonals). Within the activations of mov-
ing vs. stationary stimulation, the analysis revealed directionality differences
for moving patterns in contralateral SI (area 1; x = 38, y = -38, z = 64) and
SII (OP 4; x = 52, y = -8, z = 8), as shown in Figure 4.3b (blue). Within
the activation map of patterned vs. random stimuli, differential orientation
effects for stationary patterns were found in the right aIPS (area hIP3; x =
36, y = -48, z = 50), shown in Figure 4.3b (red). Closer inspection of these
motion directionality and pattern orientation effects revealed that the upward
diagonal motion direction showed by tendency increased activity in SI and SII
compared with the downward diagonal motion direction. Likewise, the upward
diagonal pattern orientation tended to be stronger represented in aIPS, com-
pared with the downward diagonal pattern orientation. In terms of behavior
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(assessed outside the scanner), however, there were no significant differences
between participants’ performance in identifying upward and downward ori-
ented patterns and motion directions.

Next, we tested differential effects of motion and pattern conditions in a
whole-brain analysis, that is, also including areas that may not have been
generally activated by tactile stimulation. The comparison between moving
and stationary stimuli revealed increased activity in area hMT+/V5 (x = -44,
y = -70, z = -2) and medial aSPC (area 5; x = -10, y = -40, z = 56) in
the left hemisphere (Figure 4.4a, left). The hMT+/V5 activation remained
also statistically significant after small volume correction with the anatomi-
cal map of hMT+/V5 defined using the Anatomy toolbox for SPM8. 15 %
of this hMT+/V5 map were activated during tactile motion processing. The
overlap is shown in Appendix B (Figure B.1). To assess to what extent these
areas may have contributed to conscious processing of tactile motion, we in-
vestigated performance-dependent covariation in these areas. The BOLD re-
sponses in area hMT+/V5, but not medial aSPC, correlated positively with
subjects’ accuracy in identifying moving stimuli correctly (Figure 4.4a, right).
Comparing patterned and random stimulus trials revealed increased activity
in left IPC (x = -60, y = -56, z = 32), involving parts of the supramarginal
and angular gyri (Figure 4.4b, left). BOLD time courses of the responses in
both hMT+/V5 and IPC can be found in Appendix A (Figure A.3). Again,
the BOLD responses in this area correlated positively with subjects’ accu-
racy in identifying patterned stimuli correctly (Figure 4.4b, right). Additional
bootstrapping analyses revealed that both correlations were significant (see
Appendix C). Control analyses showed no correlation between motion-related
responses in hMT+/V5 and participants’ accuracy in pattern identification
and between pattern-related responses in IPC and their accuracy in motion
identification (both r’s < 0.2, p’s > 0.5). In addition, there were no other areas
significantly activated in all presented contrasts besides the reported ones.

On the basis of the GLM results above, we studied possible changes in ef-
fective connectivity of the areas that were identified as specifically related to
tactile motion and pattern processing. To this end, PPI analyses were per-
formed using the peak voxels (spheres of 5 mm) of the motion and pattern
activations located in left hMT+/V5 and left IPC, respectively, as seed re-
gions for exploring coupling to the rest of the brain. The psychophysiological
interaction term created for moving vs. stationary stimuli revealed a significant
increase in coupling between left hMT+/V5, bilateral SI (ipsilateral: area 2;
x = -48, y = -24, z = 42; contralateral: area 1; x = 56, y = -32, z = 52),
and right aIPS (area hIP3; x = 30, y = -62, z = 46) during motion processing
(Figure 4.5a). The PPI for patterned vs. random stimulation revealed a sig-
nificant increase in effective connectivity between left IPC and right SI (areas
3b, 1, 2; x = 58, y = -22, z = 46) during pattern processing (Figure 4.5b).
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Figure 4.4.: Areas involved in tactile motion and pattern processing. (a) Contrast-
ing moving with stationary trials revealed increased BOLD responses in medial
aSPC (not shown) and hMT+/V5. Individual subjects’ contrast estimates in
hMT+/V5 correlated positively with their accuracy in identifying moving stimuli
correctly. (b) Contrasting patterned with random stimulus trials revealed in-
creased BOLD responses in IPC. Individual subjects’ contrast estimates in IPC
correlated positively with their accuracy in identifying patterned stimuli correctly.
hMT+/V5, middle temporal complex; IPC, inferior parietal cortex.
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SI

aIPS

(a) Moving vs. stationary

SI

(b) Patterned vs. random

Figure 4.5.: PPI analyses using left hMT+/V5 (a) and left IPC (b) as seed regions.
(a) The interaction term for moving vs. stationary trials revealed a significant in-
crease in coupling between left hMT+/V5, bilateral SI, and right aIPS during
motion processing. (b) For patterned vs. random stimulus trials, the coupling be-
tween left IPC and right SI was significantly increased. SI, primary somatosensory
cortex; aIPS, anterior intraparietal sulcus.

4.4. Discussion

The first of the two studies providing the basis for the present thesis examined
the neuronal networks underlying feature-specific processing of tactile stimu-
lus attributes, namely motion and pattern, using high-field fMRI under tightly
controlled passive stimulation conditions. Compared to matched control stim-
uli, stimulus-specific BOLD responses for both moving and patterned stimuli
were already evident in early stages of somatosensory processing. In line with
previous work, tactile motion evoked activity in hMT+/V5, an area tradition-
ally associated with visual motion perception. An analysis of effective connec-
tivity further revealed that the responses in area hMT+/V5 were functionally
coupled to a somatosensory network including SI and aIPS (area hIP3). The
processing of tactile patterns was characterized by distinct responses in IPC,
and this activity was found to be functionally coupled directly to the responses
in SI. Furthermore, both hMT+/V5 and IPC showed a significant correlation
between task-induced neuronal activity and individual performance in identi-
fying the respective stimulus attribute.
In general, tactile stimulation of the finger tip activated a widely distributed

neuronal network including contralateral SI (areas 3b, 1, 2) and bilateral SII
(OP 1, 4), aIPS (areas hIP3, hIP2), IFG (area 44), LPFC, as well as pre-
SMA (area 6), insular cortex, thalamus, and the cerebellum, which altogether
is in line with previously reported functional networks active during tactile
processing (e.g., Stoesz et al. 2003; Van Boven et al. 2005; Blankenburg et al.
2006; Pleger et al. 2006; Beauchamp et al. 2007).
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Within the overall network associated with tactile stimulation, we showed
that processing of tactile motion was reflected in increased activity in contralat-
eral SI (areas 3b, 1) and SII (OP 4). Moreover, we found both SI (area 1) and
SII (OP 4) to respond differentially to different motion directions. Selective
encoding of tactile motion by populations of SI neurons has been observed in in-
vasive recordings in monkeys (Costanzo and Gardner 1980; Warren et al. 1986;
Ruiz et al. 1995). More recently, Pei and colleagues (Pei et al. 2010) proposed
that direction tuning in SI first emerges in area 3b, and is elaborated in area 1
to yield a more invariant representation of motion direction. In addition to SI,
stimulus-specific firing of SII neurons during passive touch of moving gratings
was shown in monkeys by Pruett and colleagues (Pruett et al. 2000). Whereas
a general role of somatosensory cortex during tactile motion processing has
also been reported in previous functional imaging work (Burton et al. 1999;
Bodegård et al. 2000, 2001), the present evidence for differential BOLD signal
changes for motion direction may not have been expected a priori. Thus far,
direction- or orientation-selective responses in human sensory cortices have
only been demonstrated using pattern classification methods for fMRI data
analysis (Haynes and Rees 2005; Kamitani and Tong 2005, 2006). Because we
did not investigate orientation encoding systematically in the present study
and cannot fully exclude stimulus confounds, such as different skin indenta-
tion due to varying stimulus orientations, further studies are needed to explore
the cause of the observed effect in more detail. However, the present evidence
for motion-specific responses in human SI and SII complements the invasive
findings and suggests that somatosensory cortex downstream from area 3b may
similarly contribute to the emergence of an invariant representation of tactile
motion in both species.

The present analysis further revealed robust activation of area hMT+/V5
during processing of tactile motion. Area hMT+/V5 was long treated as a
purely visual motion-sensitive area but has recently been shown to be engaged
during processing of motion in other sensory modalities as well (Hagen et al.
2002; Blake et al. 2004; Summers et al. 2009). In Blake et al.’s work (Blake
et al. 2004), a matched visual imagery condition did not activate hMT+/V5
significantly, which has been taken as evidence that the area’s engagement
during tactile motion cannot be fully explained by covert mental visualization
of the somatosensory input. Involvement of area hMT+/V5 in tactile motion
processing was consistently observed both in congenitally blind and in sighted
subjects (Ricciardi et al. 2007; Matteau et al. 2010; Sani et al. 2010). Sani
and colleagues further proposed a functional segregation of area hMT+/V5 in
anterior and posterior subregions differentially involved in multisensory (visual
and tactile) and visual motion processing (Sani et al. 2010), which might con-
form to areas MST and MT (Beauchamp et al. 2007). In line with this previous
evidence, we found activation of hMT+/V5 extending towards anterior regions
during processing of abstract, non-naturalistic Braille-like patterns, which may
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have been relatively difficult to imagine visually (see Deshpande et al. 2010
and Lacey et al. 2010 for related evidence). Furthermore, tactile motion in
the present experiment was manipulated within a subset of non-target stimuli,
while the subjects’ task consisted of detecting a markedly distinct target pat-
tern. This ensured that task demands did not encourage active visualization of
the non-target’s specific features. Notably, however, the hMT+/V5 responses
evoked by moving stimuli covaried with subjects’ ability to identify this type of
stimuli under full attention outside the scanner. This performance-dependent
covariation supports the view that hMT+/V5 may in particular contribute to
conscious perception of tactile motion.

Our PPI analysis of effective connectivity revealed that activity in area
hMT+/V5 was not only increased but also functionally coupled to the re-
sponses in SI (areas 1, 2) and aIPS (area hIP3) during tactile motion process-
ing. The ventral part of the aIPS has been shown to be engaged in multisensory
motion processing (Bremmer et al. 2001; Hagen et al. 2002; Summers et al.
2009), indicating that this area might be the human equivalent of the motion-
sensitive area VIP within the monkey IPS. The present evidence for increased
functional coupling of both primary somatosensory and motion-sensitive areas
with hMT+/V5 may thus suggest direct transfer of somatosensory information
to the motion-specialized area hMT+/V5 in visual cortex. Direct transfer in
this context involves independence of the recruitment of other visual associ-
ation areas such as the precuneus (Kosslyn et al. 1997; Goebel et al. 1998),
which renders purely visual imagery as an explanation unlikely. Instead, the
course of information processing might directly involve somatosensory cortex,
aIPS, and hMT+/V5, given that neurons in monkey VIP receive projections
from several visual areas (especially MT+/V5), and from motor, somatosen-
sory, auditory, and other multisensory cortices (Lewis and Van Essen 2000).
The present findings might indicate a more general role for hMT+/V5 in terms
of multisensory motion processing (see also Sani et al. 2010). Similar conclu-
sions have been drawn for visual and tactile object processing in the LOC
(Deshpande et al. 2008; Lacey and Sathian 2011).

In addition to the motion-specific responses in SI, SII, and in hMT+/V5,
moving stimuli evoked increased activity in the medial part of the left aSPC
(area 5). The superior parietal cortex is known to be involved in various cog-
nitive processes, in particular somatosensory and sensorimotor integration as
well as visuospatial attention and memory. The aSPC was shown to integrate
information mainly from the somatosensory cortex (Pandya and Seltzer 1982;
Scheperjans et al. 2005). In the present experimental context, medial aSPC
activity neither covaried with subjects’ behavioral performance nor reflected
the stimuli’s motion direction, and was not functionally coupled to the mo-
tion network outlined above. This activation thus likely reflected a less direct
involvement in somatosensory information processing.
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Like tactile motion, tactile patterns evoked increased activity in SI (areas
3b, 1, 2), compared to randomly structured control stimuli, which is in agree-
ment with previous work on tactile form perception in humans (Bodegård et al.
2001; Van Boven et al. 2005) and monkeys (Phillips et al. 1988; Hsiao et al.
1993; DiCarlo and Johnson 2002). Pattern processing further engaged the
aSPC (area 7), corroborating previous evidence that this part of the aSPC,
which receives direct projections from area 2 in SI (Pandya and Seltzer 1982;
Scheperjans et al. 2005), is critically involved in somatosensory processing of
shape information (Stoeckel et al. 2003). Complementing electrophysiological
evidence for the existence of orientation-tuned neurons in somatosensory areas
(DiCarlo and Johnson 2000; Hsiao et al. 2002; Fitzgerald et al. 2006; Bensmaia
et al. 2008), we found differential BOLD responses to different pattern orien-
tations in aIPS (area hIP3), which underpins this multisensory area’s role in
the processing of tactile object features. As with the differential effects for mo-
tion direction, the present finding of differences for pattern orientations using
fMRI was rather unexpected. There is, however, recent evidence for coarse-
scale orientation maps in V1 measured using fMRI (Freeman et al. 2011), which
indicates that selective population responses may in principle be assessed also
with univariate statistical analysis. Although their functional significance has
to be investigated in further studies, these findings support the existence of a
putative human equivalent of the monkey AIP, which is known to be engaged
in tactile and visual object processing (Grefkes and Fink 2005).

In addition to the pattern-specific responses in SI, aSPC, and aIPS, which
were also activated during tactile stimulation per se, our whole-brain analysis
revealed that tactile pattern processing further recruited an area in the left
IPC, including parts of the supramarginal and angular gyri. Associative so-
matosensory function was attributed to the IPC in several lesion studies (Reed
and Caselli 1994; Reed et al. 1996; Nakamura et al. 1998). For instance, Reed
and colleagues (Reed et al. 1996) reported a patient’s impairment of shape
recognition specific to the tactile modality resulting from a small inferior pari-
etal infarction. In an fMRI study by Deibert and colleagues (Deibert et al.
1999), the inferior parietal lobule (supramarginal and angular gyrus) was ac-
tivated when subjects manipulated and identified an object’s shape. More
recently, Miquée and colleagues (Miquée et al. 2008) investigated fMRI cor-
relates of haptic shape perception in a task divided in shape-encoding and
-matching steps, and showed that the IPC was specifically involved in shape
matching. The latter finding supports the view of the IPC as a neuronal sub-
strate of shape representation rather than coordination of finger movements
as required in tactile object recognition tasks. The present results confirm
this conclusion, demonstrating IPC activity during passive touch of patterned
Braille-like stimuli. Furthermore, the BOLD responses in IPC covaried with
participants’ individual ability to identify patterned stimuli (assessed outside
the scanner), providing evidence that the IPC may in particular contribute
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to conscious perception of tactile patterns. Finally, our PPI analysis showed
that pattern processing entailed specific functional interactions between IPC
and contralateral SI, which indicates that the IPC was intimately involved in
the exchange of modality-specific somatosensory information. This exchange
of tactile information might potentially occur by projecting from SI to IPC
via SII, given the evidence for anatomical connections between SI and SII as
well as between SII and IPC (Eickhoff et al. 2010). Using a less stringent
significance threshold of p<0.005 (uncorrected) for our PPI analysis, we found
suggestive evidence for a role of SII as part of this specific functional network
supporting this hypothesis, which remains to be explored in the future.
The engagement of IPC during tactile pattern processing was in many re-

spects phenomenologically similar to the engagement of hMT+/V5 during tac-
tile motion processing. Both areas were selectively recruited by the presence
of an abstract tactile stimulus attribute (pattern or motion), were functionally
coupled to somatosensory cortex in a stimulus-dependent manner, and the spe-
cific responses in both areas covaried with subjects’ perceptual performance.
With respect to the particular significance of these areas in the processing of
complex stimulus attributes, the present results may suggest that in analogy
to the visual system, modality-specific somatosensory areas may interact with
regions that are dedicated to the integration of specific perceptual features,
such as motion or pattern, into a conscious perceptual concept. Such a con-
cept might not necessarily be modality-specific and seems to involve not only
designated somatosensory (IPC) or multisensory areas (aIPS) but, in the case
of tactile motion, also area hMT+/V5.
In sum, our results corroborate that somesthesis of complex stimulus at-

tributes engages characteristic processing networks that, on the one hand,
involve modality-specific somatosensory areas but, on the other hand, incor-
porate multisensory or even acknowledged visual areas. This overall picture
is in line with increasing evidence that processing of complex sensory input
from any specific modality may result in an abstract, essentially multisensory
representation (e.g., Amedi et al. 2001; Grefkes et al. 2002; Hagen et al. 2002;
Beauchamp et al. 2007; Deshpande et al. 2008; Summers et al. 2009; Lucan
et al. 2010; Lacey and Sathian 2011). Thereby, areas specialized in the pro-
cessing of abstract object attributes such as motion and pattern may be more
process- than modality-driven. The present findings support this integrative
view, and indicate that early, modality-specific representations of complex tac-
tile information may be directly relayed to cortical areas that are dedicated to
the further processing of specific stimulus features, regardless of their sensory
modality.
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Chapter 5.

Top-down Attentional Bias for
Gating Tactile Perception

As described in detail in Section 2.5, selective attention is the cognitive pro-
cess of directing mental efforts on specific aspects of the world while ignoring
other things. Attention involves the allocation of processing resources and
can be controlled by cognitive factors such as expectation and current goals.
Attentional mechanisms provide us with the ability to selectively suppress ir-
relevant information and strengthen the representations of those aspects that
are currently relevant to our intentions.
In this chapter, we present the second experimental investigation, which fo-

cusses on the cortical mechanisms of selective attention involving top-down
directed control of somatosensory processing for the perception of tactile stim-
ulus attributes. In a short introduction, we review the current knowledge in
the field and give a motivation for this investigation. Following a detailed ex-
planation of the methods used, we present the results of this study. Finally,
conclusions are drawn including a discussion of their significance and how they
relate to the current knowledge in the field.

5.1. Introduction

In the human brain, a network of brain areas distributed across frontal and
parietal cortices subserves cognitive control of action and attention. This fron-
toparietal network involves inferior and superior parietal areas as well as the
prefrontal cortex. It commonly activates during many kinds of cognitive de-
mands, which indicates dependence on similar control mechanisms (reviewed
in Duncan and Owen 2000 or Duncan 2010). An important quality of this
global network is its flexible adaptability, which enables us to focus our at-
tention on currently relevant information. The representation of task-relevant
information seems to be held by several parts of the frontoparietal network,
which are highly adaptable. Neurophysiological recordings in monkeys showed
that neurons in the LPFC reflected the currently relevant category of a vi-
sual stimulus, while becoming unresponsive to this category when the task
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demands changed (Freedman et al. 2001). Functional imaging work in humans
complements these findings by identifying specific responses to task-relevant
information in a distributed network of frontal and parietal areas (Hon et al.
2006; Hampshire et al. 2007; Thompson and Duncan 2009). Despite these re-
cent advances in delineating frontoparietal function, the specific contributions
made by the individual areas comprising the frontoparietal network remain to
be elucidated.
Promising work in this context suggests that the IFG in the human LPFC

might play a prominent role in this network. Several functional imaging stud-
ies show category- or target-selective activity in this region (Jiang et al. 2007;
Hampshire et al. 2009), which further generalizes to the role of the IFG during
response inhibition (Hampshire et al. 2010). Hampshire and colleagues re-
vealed that the IFG is not specifically involved in inhibitory control but more
generally in the detection of task-relevant cues. In addition, there is evidence
supporting the view that this region may be able to mediate cognitive control
over other brain areas (Staines et al. 2002; Li et al. 2007; Duann et al. 2009).
The IFG appears therefore ideally suited to act as the neural substrate for
the coordination of bottom-up, stimulus-driven processes and the processing
of top-down, goal-directed intentions (for related evidence see Asplund et al.
2010). However, the specific way, in which this coordination may occur remains
poorly understood.
The current knowledge of frontoparietal function mainly derives from inves-

tigations employing visual task conditions. This raises the question whether
similar principles can also be transferred to the somatosensory modality. At-
tention in general has been shown to enhance activity across modalities specif-
ically in those areas that are normally driven by the kind of stimulation, which
is attended to (Corbetta et al. 1991; Desimone and Duncan 1995; Burton et al.
1999). In anticipation of sensory input attention serves to increase the pro-
cessing capacities of specific neural populations (Desimone and Duncan 1995).
Thus, in the tactile domain attentional effects can be expected in SI and SII,
as demonstrated by several studies using fMRI in humans (Mima et al. 1998;
Burton et al. 1999; Johansen-Berg et al. 2000), including the one presented
in Chapter 4. Increased activity due to attended tactile stimulus attributes
was further observed in inferior and superior parietal areas as well as in pre-
frontal cortex (Van Boven et al. 2005; Burton et al. 2008), which may suggest
that sensory areas interact with the frontoparietal network for attentional task
control. Burton and colleagues reasoned that activity in frontal and parietal
areas indicates resource mobilization for target or response selection (Burton
et al. 2008). These cognitive components are involved whenever tactile or vi-
sual stimulation attributes are discriminated. However, the causality of the
activity in areas involved in tactile task performance is not yet clear, as well
as possible interactions between frontoparietal cortex and sensory areas that
create the prerequisites for task accomplishment.
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Here, we investigated the cortical network involved in a tactile change-
detection task that required selective attention to either felt spatial pattern
or felt temporal frequency. Tactile stimulation was presented via a finger-tip-
sized multi-pin stimulation device similar to a Braille display. This allowed
the administration of complex tactile stimuli to the left index finger tip, com-
prising one or other of two specific spatial patterns that could be presented at
one or other of two different temporal frequencies. The task was to attend to
either the spatial pattern or the temporal frequency for a successive train of
stimuli, in order to detect any occasional change in that respective stimulus
attribute, while ignoring any change in the currently irrelevant attribute. We
assessed fMRI activations as a function of task (spatial pattern or temporal fre-
quency attended), and also as a function of change-detection for the attended
stimulus attribute. The amplification of similar tactile stimulation in all condi-
tions allowed investigating task- or detection-specific activations independent
of sensory input. Tactile stimulation and response execution were decoupled
in order to allow for separation of activations due to the somatosensory stimuli
and tasks, versus due to key presses with the right hand.
Based on previous research, we expected not only somatosensory but also

prefrontal and parietal cortex to be involved in tactile task performance. We
further anticipated that frontoparietal components of this task-related net-
work might selectively respond to the detection of change in the task-relevant
stimulus attribute. In addition, we studied any task-dependent changes in
the effective connectivity between the brain areas implicated. The analysis
aimed to characterize the network interactions involved in top-down control of
somatosensory processing as assessed in terms of PPIs (Friston et al. 1997).
Furthermore, we performed more specific network analyses to elucidate in par-
ticular the causal directional influences that the prefrontal cortex may exert
over somatosensory areas for such top-down modulation using DCM (Friston
et al. 2003) and BMS (Penny et al. 2004; Stephan et al. 2009).

5.2. Materials and Methods

Participants
Eleven healthy volunteers (aged between 24 and 32 years; nine females, one left-
handed) participated in the study with written informed consent. The study
corresponded to the Human Subjects Guidelines of the Declaration of Helsinki
and was approved by the Ethical Committee at the faculty of medicine, Charité
University Hospital Berlin.

Stimuli & Tasks
Tactile stimulation was applied to the left index finger by the 16-dot piezo-
electric Braille-like display described in Section 4.2. On each trial, the pins of
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the display were driven for 1 s by a 160 Hz sinusoidal carrier signal, which was
amplitude-modulated by a sine function of either 28 or 40 Hz to yield two differ-
ent temporal frequencies. Two different maximal amplitudes of pin-movement
(1.1 and 0.9 mm) could be assigned to each pin of the display in such a way
that it formed one of two possible spatial patterns (as shown schematically
in Figure 5.1a). After half of the presentation time, both stimulus attributes
(pattern and frequency) could change independently from each other, e.g., the
frequency attribute changed from 40 to 28 Hz and/or the pattern attribute
changed from the one to the other.
Participants performed three different tasks. Two of these tasks involved

selective attention to the stimulus attributes of pattern (P task) or frequency
(F task). In both tasks, participants judged whether a change in the cued
feature had occured or not, by pressing one of two response keys with the
right index or middle finger. Note that change or lack of change in the two
stimulus attributes occurred independently of each other, regardless of the
currently performed task. Finally, in the third control task, participants also
received tactile stimulation, but were now asked to pay no attention to it
and to press one of the two response keys arbitrarily instead when prompted
to respond after each stimulus. Stimulus presentation and task cueing was
controlled using custom MATLAB code (v7.5, The MathWorks, Natick, MA)
and the Cogent 2000 toolbox (http://www.vislab.ucl.ac.uk/cogent.php).

Design & Procedure
Prior to the experiment, participants were familiarized with the stimulation
device and with the different tasks. The actual fMRI experiment consisted
of four sessions. Each session comprised ten blocks of eight trials each. In
each block, participants performed one of the three tasks as instructed by a
symbolic visual letter cue at the beginning of the block (‘P’ = P task, ‘F’ =
F task, ‘O’ = control task; see Figure 5.1b). The blocks were arranged in
pseudo-random serial order, such that one session comprised four blocks of
the P task, four blocks of the F task, and two blocks of the control task. All
trials had a duration of 1 s and were presented in pseudo-random serial order,
such that each of the 16 possible combinations1 of feature changes appeared
once in two attention blocks (P or F task). The control blocks included only
trials without feature changes to discourage participants from inadvertently
or implicitly performing one of the two attention tasks during control blocks.
The ISI was randomly varied between 5 and 13 s. In order to dissociate tactile
stimulation and motor responses, participants did not respond immediately
after tactile stimulation, but the onset of the key press was cued visually (‘?’)
at a randomly chosen time point (between 2 and 8 s after stimulation offset)
within the ISI (Figure 5.1b).

1One of two possible patterns and one of two possible frequencies for each half of the
stimulation come to a total of (2x2) x (2x2) = 16 combinations.
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Figure 5.1.: Stimuli and experimental design. (a) The pins of the tactile display
were driven by a sinusoidal carrier signal, which was amplitude-modulated by a
sine function of either 28 or 40 Hz. Two different maximal amplitudes (black and
white pins) were assigned to the display’s pins in such a way that they formed one
of two possible patterns. (b) One session comprised ten blocks of 8 trials. In each
block, participants performed one of the three tasks cued at the beginning of the
block (‘P’, ‘F’, or ‘O’). The onset of the motor response was cued visually (‘?’) at
a randomly chosen time point within the ISI in order to dissociate responses and
tactile stimulation.

fMRI Data Acquisition
Functional imaging was performed on a 1.5 Tesla Siemens Sonata MRI scanner
(Siemens Medical Solutions, Erlangen, Germany) with a standard head-coil
system. T2*-weighted functional images were acquired using an EPI sequence
(TR = 2010 ms, TE = 40 ms, flip angle = 90◦). For each session, 430 EPI
volumes were obtained, each consisting of 36 axial slices covering the whole
brain in an interleaved slice ordering (voxel size 3x3x3 mm, matrix size 64x64).
Visual cues were presented on a screen, visible from the scanner via a mirror
system attached to the head coil.

Data Preprocessing
Functional images were preprocessed and analyzed using SPM8 (Wellcome
Department of Imaging Neuroscience, University College London, UK). The
first four volumes of each experimental session were discarded in order to allow
the MR signal to reach equilibrium. To minimize movement-induced image
distortions, each data set was realigned to the first image of the first session
as described in Section 3.3. The realigned images were spatially normalized
to the standard MNI template brain and smoothed using an isotropic, three-
dimensional Gaussian kernel of 7 mm FWHM, in accord with the standard
SPM approach. To remove global effects from the fMRI time series, detrending
was applied based on LMGS (Macey et al. 2004). The images were high-pass
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filtered (cut-off frequency 1/128 Hz) in order to remove low-frequency signal
drifts. To reduce high-frequency noise, serial correlations were modeled using
an autoregressive model.

Statistical Data Analysis
A standard two-level mixed-effects model (Friston et al. 1995) as introduced in
Section 3.3 was used for statistical analysis. At the first level, multiple regres-
sion within the framework of the GLM was used to implement a within-subject
analysis. For each data set BOLD responses were modeled by nine stick func-
tions indicating the onsets of the tactile stimuli, i.e., four types of correctly
judged P task trials, four types of correctly judged F task trials, and one stick
function for control task trials. The four types of P and F task trials were (1)
stimuli with change in pattern and frequency, (2) stimuli with change in pat-
tern only, (3) stimuli with change in frequency only, and (4) stimuli without
change in any feature. Three additional stimulus functions for nuisance ef-
fects comprised incorrect trials, motor responses, and visual task instructions.
These regressors were then convolved with a standard HRF and included in
the GLM. To account for occasional signal intensity changes within slices due
to susceptibility-induced frequency variations, nine additional nuisance regres-
sors were included. These corresponded to the first nine eigenvariates, which
were extracted exclusively from signals outside the brain in a previous SPM
analysis (thresholded at p<0.05). After fitting the model to the experimental
data, contrast images were generated from the stimulus functions’ parameter
estimates for each of the stimulus types. At the second level, the individ-
ual subjects’ contrast images were entered into a 2x4 within-subjects ANOVA
with factors attention (P task or F task) and change (change in both features,
change in pattern, change in frequency, or no change). This allowed computing
differential effects between the different stimulus types of both attention tasks
using contrast vectors to produce SPMs. To investigate main effects of and
differential effects between attention (P and F) tasks and control task, another
second-level model was implemented using a paired t-test.

Conjunction Analysis
To assess the effects of detecting change in the attended stimulus attribute
while holding sensory input constant, a conjunction analysis of contrasts was
implemented (Price and Friston 1997). To this end, the same mixed-effects
model was rerun with a single modification at the first level concerning the
two stimulus functions for stimuli with change in both features. For both
regressors, the trials were divided equally and arbitrarily into two distinct new
stimulus functions. This separation allowed for independent computation of
the conjunction contrasts, which required separate trials as baselines. At the
second level, this modification now resulted in a 2x5 within-subjects ANOVA.
This allowed computing the contrasts of (1) P task trials with change in pattern
vs. F task trials with change in pattern and (2) F task trials with change in
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frequency vs. P task trials with change in frequency. A conjunction analysis
of (1) and (2) now revealed areas involved in detecting the change in a specific
stimulus attribute independent of sensory input and type of attended attribute.

PPI Analysis
To investigate the functional coupling of areas involved in selective attention,
we performed a PPI analysis (Friston et al. 1997) as introduced in Section 3.4.
Spheres with a radius of 5 mm constructed around peak voxels of the individ-
ual subjects’ activations located in right SI (x = 48, y = -34, z = 52) served
as seed regions for extracting the first eigenvariate of the signal. At the sub-
ject level, the physiological variable was extracted and the psychophysiological
interaction term was created for attention (P and F task) vs. no attention
(control task). Subsequently, this term was entered into a GLM. At the group
level, contrast images of the PPIs of the individual subjects were analyzed
using one-sample t-tests.

Statistical Inference
All reported coordinates correspond to the anatomical MNI space. The SPM
anatomy toolbox (Eickhoff et al. 2005) was used to establish cytoarchitectonic
reference. To investigate main effects of tasks and differential effects between
tasks and trials, we used a significance threshold of pcluster<0.05, corrected for
multiple comparisons. For the conjunction analysis, we adjusted our signifi-
cance threshold to p<0.001, uncorrected, as we were testing a specific hypoth-
esis rather than searching the whole brain. For the PPI analysis, the activation
pattern revealed by contrasting all tactile stimulation trials with baseline was
used as a mask (mask pcluster<0.05, corrected for multiple comparisons), and
the significance threshold of p<0.001, uncorrected was chosen for statistical
inference.

Dynamic Causal Modeling
The effective connectivity between the lateral prefrontal cortex and somatosen-
sory areas was assessed using DCM (Friston et al. 2003; Stephan and Friston
2010). Functional imaging data were remodeled using a GLM with three re-
gressors of interest, which encoded (1) all tactile stimulation trials, (2) all
attention task trials, and (3) all trials with change in the attended stimulus
attribute. Three additional regressors for nuisance effects comprised incorrect
trials, motor responses, and visual task instructions. Spheres with a radius
of 7 mm constructed around subject-specific peaks of the activations located
in right SI (mean: x = 52, y = -30, z = 54), right SII (mean: x = 62, y =
-16, z = 20), and right IFG (mean: x = 54, y = 10, z = 20) served as seed
regions for extracting the first eigenvariate of the signal. These time series
were fed into separate models for each subject. The intrinsic coupling of the
network included reciprocal connections between SI and SII as well as between
SII and IFG (as in Figure 5.6a), based on known interconnectivity of these ar-
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SIISII

SMA IFGIFG

(a) Attention (P and F task) vs. baseline

SI

SIISII

aIPS

(b) Control vs. baseline

Figure 5.2.: Overall neuronal networks involved in the different tasks. (a) Con-
trasting all tactile stimulation trials of both attention tasks with baseline revealed
a distributed network activated during task-relevant stimulation. (b) Contrasting
all tactile stimulation trials of the control task with baseline revealed a reduced
network activated during passive stimulation. SI, primary somatosensory cortex;
SII, secondary somatosensory cortex; aIPS, anterior intraparietal sulcus; IFG, in-
ferior frontal gyrus; SMA, supplementary motor area.

eas (Eickhoff et al. 2010). Three conditions described the influence on effective
connectivity in this network: (1) tactile stimulation, which entered the system
as driving input via SI, (2) active attention (to either pattern or frequency),
which could act as driving input to IFG and/or as modulatory influence on
effective connectivity, and (3) change in the attended stimulus attribute as
modulatory input. Ten different models were generated using different com-
binations of driving and modulatory input (see Table 5.3). To identify the
model explaining the data best, BMS was performed using a random-effects
analysis, which computed the exceedance probability that one model is more
likely than any other model, given the group data (Stephan et al. 2009, 2010).
For group-level inference on parameter estimates Bayesian parameter averag-
ing (BPA) was used, which generated the joint posterior density of a given
model’s parameter estimates for the entire group by combining the individual
posterior densities (Stephan et al. 2010). A significance threshold of p<0.05
was used for the connectivity analysis.
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SMA
SI

SII

IFGIFG
aIPS

(a) Attention (P and F task) vs. control task

IPC

(b) P task vs. F task

Figure 5.3.: Differential effects between the tasks. (a) The comparison between
both attention tasks and the control task revealed increased activation in SI and
SII, as well as in aIPS, IFG, insular cortex, and SMA. (b) Contrasting P task
with F task revealed a single activated cluster in IPC extending to SI. SI, pri-
mary somatosensory cortex; SII, secondary somatosensory cortex; aIPS, anterior
intraparietal sulcus; IFG, inferior frontal gyrus; SMA, supplementary motor area.

5.3. Results

Behavioral Data
On average, 71% (SEM = ±3%) and 66% (SEM = ±2%) of the stimuli were
correctly classified in the P and in the F task, respectively. Performance
was significantly higher than chance level (50%) in both attention tasks (both
p’s < 0.001, two-tailed t-test), and there was no significant difference between
P and F task performance (p > 0.1). The average response time was 638 ms,
627 ms, and 688 ms after response cue onset for P, F, and control task, re-
spectively. Again, there was no significant difference between P and F task
(p > 0.3), but participants responded significantly faster in both attention
tasks than in the control task (both p’s < 0.05), which might arise if they did
not select which response to make until the prompt in the latter case.

fMRI Data
First, we identified the overall neuronal networks involved in the different tasks.
Contrasting all tactile stimulation trials of both attention tasks with baseline
revealed the expected increased activation in contralateral SI in the postcentral
gyrus (areas 1, 2) as well as in SII/parietal operculum (OP 1, 4), aIPS (areas
hIP2, hIP3), LPFC, IFG (area 44), supplementary motor area (SMA; area 6),
and insular cortex in both hemispheres, and in contralateral thalamus (Figure
5.2a and Table 5.1). This network was thus implicated in the two tasks involv-
ing selective attention to a specific tactile stimulus attribute. Contrasting all
tactile stimulation trials of the control task with baseline revealed increased
activation in contralateral SI (areas 1, 2) and in bilateral SII (OP 1, 4), as
well as small activation clusters in left aIPS (areas hIP1, hIP2), right LPFC,
right IFG (area 44), and precuneus (Figure 5.2b and Table 5.1) during pas-
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Attention (P and F task) vs. baseline
Region Hemisphere x y z T-value

Primary somatosensory cortex R 46 -34 52 10.51
Secondary somatosensory cortex R 64 -16 20 31.87

L -60 -18 26 12.79
Anterior intraparietal sulcus R 44 -44 58 15.24

L -46 -44 54 12.90
Lateral prefrontal cortex R 54 34 26 7.57

L -44 34 20 6.40
Inferior frontal gyrus R 52 12 30 14.90

L -60 10 20 10.69
Supplementary motor area R/L 4 8 60 11.47

Insular cortex R 38 20 0 9.75
L -32 20 -2 8.44

Thalamus R 12 -20 10 8.85
Control vs. baseline

Region Hemisphere x y z T-value
Primary somatosensory cortex R 48 -34 58 4.73
Secondary somatosensory cortex R 66 -16 20 19.11

L -62 -12 18 5.87
Anterior intraparietal sulcus L -50 -50 50 8.75
Lateral prefrontal cortex R 36 42 34 6.77
Inferior frontal gyrus R 52 12 32 7.11

Precuneus R/L 0 -50 42 7.98
Attention (P and F task) vs. control task

Region Hemisphere x y z T-value
Primary somatosensory cortex R 46 -36 52 5.08
Secondary somatosensory cortex R 64 -16 20 9.02
Anterior intraparietal sulcus R 44 -44 58 7.41

L -46 -44 54 10.98
Inferior frontal gyrus R 52 12 28 6.93

L -60 10 20 6.43
Supplementary motor area R/L 6 10 60 7.46

Insular cortex R 40 20 -2 8.14
L -32 20 -2 7.47

Thalamus R 12 -14 0 6.20

Table 5.1.: Functional regions active during the different tasks. x, y, z are MNI
coordinates (mm). T-values are local maxima within a significant cluster of ac-
tivated voxels with pcluster<0.05, corrected for multiple comparisons (group-level
analysis). R, right hemisphere; L, left hemisphere.
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(a) Change vs. no change
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IFG

(b) Conjunction analysis

Figure 5.4.: Differential effects of change in the attended stimulus attribute. (a)
Contrasting trials with change in the attended stimulus attribute and trials with-
out change in the attended feature revealed a frontoparietal network of increased
activity. (b) The conjunction analysis of (1) P task trials with change in pattern
vs. F task trials with change in pattern and (2) F task trials with change in fre-
quency vs. P task trials with change in frequency revealed a similar activation
pattern. IPC, inferior parietal cortex; aIPS, anterior intraparietal sulcus; IFG,
inferior frontal gyrus; LPFC, lateral prefrontal cortex.

sive tactile stimulation. These regions were therefore implicated in a task that
did not require attention to a specific tactile stimulus attribute. Note that
these activations were well separated from the required motor responses as an
investigation of the nuisance regressor comprising key press onsets revealed
(Figure B.2 in Appendix B).
We further investigated differential effects between the tasks. The compari-

son between both active attention tasks and the control task revealed increased
activation in contralateral SI (areas 1, 2) and SII (OP 1, 4), as well as in aIPS
(areas hIP2, hIP3), IFG (area 44), insular cortex, and SMA (area 6) in both
hemispheres, as well as in contralateral thalamus (Figure 5.3a and Table 5.1).
This implicated these areas in selective attention to any feature of the tactile
stimulation independent of sensory input. Contrasting P task trials with F task
trials revealed one single activation cluster in right IPC (x = 62, y = -18, z =
24; Figure 5.3b), which extends to SI (areas 1, 2). The opposite comparison
did not reveal any significant activation at our corrected threshold.
Next, we tested differential effects of change in the attended stimulus at-
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SII
SII

IFG

Figure 5.5.: PPI analysis for selective attention using right SI as seed region. The
PPI term created for attention vs. control revealed a significant increase in cou-
pling between right SI, bilateral SII, and right IFG during selective attention to
tactile stimulus attributes. SII, secondary somatosensory cortex; IFG, inferior
frontal gyrus.

Change vs. no change
Region Hemisphere x y z T-value

Anterior intraparietal sulcus R 50 -50 56 3.91
L -40 -52 54 4.07

Lateral prefrontal cortex R 46 36 -6 4.35
L -50 40 -2 5.11

Inferior frontal gyrus R 56 18 0 4.67
L -54 10 0 3.65

Insular cortex R 32 22 0 4.45
L -34 26 2 3.70

Inferior parietal cortex R 62 -24 34 4.39
Conjunction analysis

Region Hemisphere x y z T-value
Anterior intraparietal sulcus L -40 -50 56 2.89
Lateral prefrontal cortex R 38 42 -12 2.65
Inferior frontal gyrus L -50 6 20 2.84

Insular cortex L -32 26 0 3.10

Table 5.2.: Functional regions active during change detection. x, y, z are MNI coor-
dinates (mm). T-values are local maxima within a significant cluster of activated
voxels with pcluster<0.05, corrected for multiple comparisons (upper table) and
p<0.001, uncorrected (lower table); group level analyses. R, right hemisphere; L,
left hemisphere.
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tribute. To this end, all trials with correctly judged change in the attended
stimulus attribute were contrasted vs. trials without change in the attended
feature, pooled across P and F task and regardless of change in the non-
attended feature. This contrast revealed increased activation in a frontopari-
etal network including bilateral IFG (area 44), aIPS (areas hIP2, hIP3), LPFC,
and insular cortex, as well as the right IPC (Figure 5.4a and Table 5.2) for
detecting change in the attended stimulus attribute independent of change in
the non-attended stimulus attribute. Moreover, a comparison between trials
with change in the non-attended stimulus attribute and trials without change
in the non-attended feature revealed no significant results. To further support
the ensuing assumption that this effect was the result of top-down control of
attention, a conjunction analysis of contrasts (Price and Friston 1997) was
performed. For this purpose, the contrasts of (1) trials with correctly judged
change in pattern for P task vs. trials with change in pattern for F task and
(2) trials with correctly judged change in frequency for F task vs. trials with
change in frequency for P task were computed. A conjunction analysis of
(1) and (2) would reveal areas involved in detecting change in the attended
stimulus attribute independent of sensory input and type of attended feature.
Applying this kind of analysis we identified activation clusters in aIPS (areas
hIP2, hIP3), IFG (area 44), and insular cortex in the left hemisphere, as well
as in right LPFC (Figure 5.4b and Table 5.2). This activation pattern overlaps
with the frontoparietal network identified for change detection, which is shown
in Figure 5.4a.
In order to investigate inter-regional interplay during task performance, we

next studied the effective connectivity of areas that were implicated in selective
attention. To this end, we performed a PPI analysis using the peak voxels
(spheres of 5 mm radius) of right SI as seed regions for exploring the coupling
to areas generally involved in the task. The PPI term created for attention
(P and F task trials) vs. no attention (control task trials) revealed a significant
increase in coupling between right SI, bilateral SII (OP 1, 4; contralateral: x =
60, y = -14, z = 22; ipsilateral: x = -64, y = -20, z = 26), and right IFG
(area 44; x = 50, y = 8, z = 16) during selective attention to either tactile
stimulus attribute (Figure 5.5).
As revealed by the PPI analysis and anticipated based on previous evidence

(e.g., Staines et al. 2002; Asplund et al. 2010; Hampshire et al. 2010), SI, SII,
and IFG appeared to play key roles during task performance. To investigate
the causal, directional influences of the experimental manipulations on effec-
tive connectivity between these areas, network models were created based on
known interconnectivity (Eickhoff et al. 2010) of these areas for use in DCM
(Figure 5.6a). Three conditions described the influence on effective connec-
tivity: (1) tactile stimulation, which entered the system as driving input via
SI, (2) active attention (to either pattern or frequency), which could act as
driving input to IFG and/or as modulatory influence on effective connectiv-
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Figure 5.6.: Analysis of effective connectivity in a network consisting of SI, SII,
and IFG. (a) The optimal model involves enhanced feedback connectivity from
IFG to SII due to attention and increased feedforward connectivity from SII to
IFG due to change in the attended feature. (b) BMS results are plotted by means
of exceedance probabilities (the model shown in (a) is model 10). SI, primary
somatosensory cortex; SII, secondary somatosensory cortex; IFG, inferior frontal
gyrus.

ity, and (3) change in the attended stimulus attribute as modulatory input.
For completeness, and to allow formal model comparison, ten different models
were generated using different combinations of driving and modulatory input
(Table 5.3). In order to identify the model explaining the data best, BMS was
performed using a random-effects analysis (Figure 5.6b). The optimal model
(shown in Figure 5.6a) clearly outperformed the others, as can be seen in Fig-
ure 5.6b. Selective attention to either stimulus attribute significantly increased
the directional top-down influence from IFG to SII in this network. Change
in the attended stimulus attribute significantly enhanced the strength of the
feedforward connection from SII to IFG.

5.4. Discussion

In the second study presented in this thesis we took advantage of fMRI to
examine the cortical network associated with a tactile change-detection task
that required selective attention to a specific tactile stimulus attribute. The
participants’ task was to attend either to the spatial pattern or to the tem-
poral frequency of complex Braille-like tactile stimuli and to detect changes
in the respective stimulus attribute. This task involved both the deployment
of top-down directed selective attention and the identification of task-relevant
bottom-up sensory information. Investigating task-dependent activations we
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Model Modulatory input Driving input
SI to SII SII to IFG SII to SI IFG to SII SI IFG

1 A & C A & C S
2 A & C A & C A & C A & C S
3 A & C A & C S
4 C C A A S
5 C A S
6 A & C A & C S A
7 A & C A & C A & C A & C S A
8 A & C A & C S A
9 C C A A S A
10 C A S A

Table 5.3.: Model configurations. Models represent networks that consist of con-
tralateral SI, SII, and IFG. Three different conditions act as driving input to areas
and/or as modulatory influence on connectivity between areas: tactile stimulation
(S), selective attention to either stimulus attribute (A), and change in the at-
tended stimulus attribute (C). SI, primary somatosensory cortex; SII, secondary
somatosensory cortex; IFG, inferior frontal gyrus.

found a distributed network of somatosensory as well as prefrontal and parietal
areas underlying tactile task performance. In addition, frontoparietal compo-
nents of this network including IFG, LPFC, and aIPS selectively responded
to the detection of change in the task-relevant stimulus attribute. PPI anal-
ysis further revealed that SI, SII, and IFG composed a network, in which the
functional integration of currently relevant sensory information into tactile
processing circuits occured. Modeling the causal influences within this func-
tional network using DCM revealed that IFG was intimately involved in the
coordination of top-down attentional control and the processing of bottom-up
sensory information.
In general, task performance involving selective attention to a specific tactile

feature activated a widely distributed network including contralateral SI (areas
1, 2) and bilateral SII (OP 1, 4), aIPS (areas hIP2, hIP3), LPFC, IFG (area 44),
as well as SMA (area 6), insular cortex, and the thalamus. This activation
pattern altogether is in good agreement with the functional network active
during tactile stimulation reported in Chapter 4. Passive tactile stimulation
during the control task involved a similar network with smaller clusters of
increased activity and additional responses in precuneus. The precuneus has
been suggested to be an essential part of the default mode network active
during the conscious resting state, in which people do not engage intentionally
in sensory or motor activity (Cavanna 2007; Fransson and Marrelec 2008). The
present study confirms this role of the precuneus in the default mode as it was
activated during passive tactile stimulation, which did not require participants
to process the somatosensory input actively.
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The direct comparison between active attention and the control task re-
vealed increased activity in SI (areas 1, 2) and SII (OP 1, 4), as well as in
aIPS (areas hIP2, hIP3), IFG (area 44), insular cortex, SMA (area 6), and
the thalamus during selective attention to any feature of the tactile stimula-
tion independent of sensory input. In addition, analysis of the behavioral data
revealed a significant reduction of the response times during both attention
tasks compared with the control task, although tactile stimuli and behavioral
responses were decoupled temporarily. These effects can be attributed to the
engagement of selective attention, which, on the one hand, may result in re-
duced response times and increased accuracy in discrimination or detection
tasks (e.g., Posner 1986; Sinclair et al. 2000), as decribed in Section 2.5. On
the other hand, selective attention is known to enhance activity specifically in
those areas that usually respond to the kind of sensory stimulation, which is
attended to (Corbetta et al. 1991; Desimone and Duncan 1995; Burton et al.
1999). According to this, previous functional imaging work in humans revealed
that tactile attention leads to increased activity in SI and SII (Mima et al.
1998; Burton et al. 1999; Johansen-Berg et al. 2000), which can be explained
by resource mobilization due to the anticipation of incoming sensory input.
Likewise, increased activity in inferior and superior parietal areas as well as
in prefrontal cortex during selective attention to specific tactile stimulus at-
tributes has been shown by previous functional imaging work (Van Boven et al.
2005; Burton et al. 2008). This task-dependent activation of the frontoparietal
network during attentional task control has been described by many visual
attention studies, and may be implicated in any goal-directed behavior involv-
ing cognitive selection of sensory information and responses (see Corbetta and
Shulman 2002 for review).

The contrast between both attention tasks revealed increased BOLD re-
sponses in right IPC during P task performance, whereas we did not find any
significant activations selective for the F task. Nonetheless, there were no sig-
nificant differences between both tasks’ accuracy levels and response times.
Increased activity in IPC during pattern processing was already evident in the
study of feature-specific representations presented in Chapter 4. Hegner and
colleagues carried out a similar study, comparing tactile pattern and vibrotac-
tile frequency discrimination (Hegner et al. 2010), in which activations in the
right IPS, supramarginal gyrus in IPC, and SII, were significantly increased
during the pattern task compared with the frequency task. No regions were
found to be more activated during frequency than during pattern discrimi-
nation. The authors reasoned that different neuronal representations for the
maintenance of pattern and frequency information might lead to the lack of
regionally specific effects for the frequency task. This view is supported by
a vibrotactile attention study, in which no regional differences were identified
between frequency and duration discrimination of vibrotactile stimuli (Burton
et al. 2008).
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Testing differential effects of change detection, we could show that correctly
judged change in the attended stimulus attribute evoked robust activations in
a frontoparietal network including bilateral IFG (area 44), aIPS (areas hIP2,
hIP3), LPFC, and insular cortex, as well as right IPC. These effects were in-
dependent of change in the non-attended stimulus attribute as a comparison
between trials with change in the non-attended stimulus attribute and trials
without change in the non-attended feature revealed. Furthermore, employing
a conjunction analysis of the contrasts (1) P task trials with change in pattern
vs. F task trials with change in pattern and (2) F task trials with change in
frequency vs. P task trials with change in frequency, we found increased acti-
vations in a similar network. This suggests that these effects were independent
of sensory input, representing currently task-relevant information as the result
of top-down directed attentional control. Supporting evidence comes from
functional imaging work in the visual domain identifying specific responses to
task-relevant information in a distributed network of frontal and parietal areas
(Hon et al. 2006; Hampshire et al. 2007; Thompson and Duncan 2009). Using
two related tasks, in which participants selectively attended either to one of
two differentially colored shapes or to one of two different words presented
simultaneously, Hon and colleagues showed strong frontoparietal activity asso-
ciated with changes in the attended stimulus (Hon et al. 2006). These results
point to selective representations of currently relevant information in regions of
the frontal and parietal cortex, providing evidence for a link between conscious
perception and frontoparietal activity. Interestingly, the activations reflected
neither complex decision-making nor response selection, but simple update of
attended visual information, as there was no task to perform and no behav-
ior to control in this study. In line with this previous evidence, the present
study revealed the representation of currently task-relevant information in a
distributed network of frontal and parietal areas while performing a tactile
attention task. These results corroborate that the mechansims for attentional
task control in the somatosensory modality are similar to those identified in
the visual domain.

Using PPI analysis we further studied task-induced changes in the effective
connectivity of areas that were implicated in selective attention to tactile stim-
ulus attributes. We identified a network composed of SI, SII, and IFG, in which
the functional integration of currently relevant sensory information into tactile
processing circuits appeared to occur. As part of the frontoparietal network
the IFG in the human LPFC might play a prominent role in the cognitive con-
trol of action and attention. Consistent with this, category- or target-selective
activity in this region has been observed in monkeys, using neurophysiological
recordings (Freedman et al. 2001; Duncan 2001), and in humans, using func-
tional imaging (Jiang et al. 2007; Hampshire et al. 2009). In addition, we found
a representation of task-relevant frequency information in the prefrontal cor-
tex during a delayed match-to-sample task in an accompanying study (Spitzer
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et al. 2010). This previous evidence indicates that a fundamental principle of
prefrontal function might be the ability to adaptively represent specific infor-
mation, which is relevant to current concerns. In particular, Hampshire and
colleagues identified the IFG as selectively responsive to those stimuli that are
most relevant to the currently intended task schema, independent of stimulus
frequency, attentional load, and inhibitory processes (Hampshire et al. 2009).
The latter component refers to the longstanding hypothesis that the IFG might
play an important role in inhibitory control, resulting from studies employing
variants of the go/no-go (GNG) or stop signal task (SST; Logan and Cowan
1984; Rubia et al. 2003; for review see Aron et al. 2004). This kind of tasks
requires participants to suppress a routine response when an infrequent stop
cue is presented. In a follow-up study addressing the question raised, the au-
thors revealed that the IFG is not specifically involved in response inhibition
but more generally in the detection of the task-relevant stop cue (Hampshire
et al. 2010). This supports the view that the IFG can selectively be tuned
to respond to sensory input, which is at the current focus of intention. On
the other hand, there is further evidence for a crucial role of the IFG in the
mediation of cognitive control, exerting effects by specifically modulating the
processing in other brain areas (Staines et al. 2002; Li et al. 2007; Duann et al.
2009). Relating to this, Staines and colleagues identified the IFG in the hu-
man prefrontal cortex as likely candidate to mediate the modulation of early
somatosensory areas in a vibrotactile attention task (Staines et al. 2002). Such
modulation might occur by facilitating the sensitivity of neuronal networks in
sensory areas for the accomplishment of the task, which required participants
to sustain attention and to extract task-relevant features of the vibrotactile
stimulation. The present evidence for the functional significance of the IFG
both during selective attention to tactile features and during change detection
complements the previous findings, rendering this area as likely candidate to
act as the neural substrate for the coordination of top-down directed control
and bottom-up sensory processing.

In addition to the present evidence for the role of a network composed of SI,
SII, and IFG in task performance, our network analyses using DCM elucidated
the causal influences of the experimental manipulations on effective connectiv-
ity within this network. Selective attention to either stimulus attribute signifi-
cantly enhanced the top-down directed effective connectivity between IFG and
SII, whereas the change in the task-relevant stimulus attribute augmented the
feedforward connection linking SII and IFG significantly. One potential inter-
pretation of these results is that top-down directed signals originating in IFG
might sensitize somatosensory areas for the incoming input, which requires
these areas to correctly extract the task-relevent stimulus attribute and to de-
tect the respective feature change. In turn, information about the detection of
task-relevant changes is then transmitted to the IFG in order to induce further
higher-order processing such as subjective awareness and response selection.
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This interpretation is in line with previous reports of top-down mechanisms
arising in prefrontal cortex that may drive responses in sensory areas respon-
sible for collecting evidence about the presence of task-relevant stimuli in a
visual detection task (Summerfield et al. 2006), or that are even able to gener-
ate mental images in category-specific areas in a visual imagery task (Mechelli
et al. 2004). The significance of the IFG in this function in the present exper-
imental context may emphasize that this area’s role generalizes across the co-
ordination of bottom-up sensory processing and top-down directed attentional
control indicated by previous evidence (e.g., Staines et al. 2002; Hampshire
et al. 2009; Duann et al. 2009; Asplund et al. 2010). Given these conclusions,
the present findings contribute to the delineation of frontoparietal function, in
particular with respect to functional interactions between components of the
frontoparietal network and sensory areas that create the prerequisites for task
accomplishment.
In sum, the findings presented here revealed distinct neuronal mechanisms

that mediate context-related activity in the human brain during a tactile de-
tection task, which required the deployment of top-down directed selective at-
tention and the extraction of task-relevant sensory information. As part of the
frontoparietal network, which is implicated in cognitive control of action and
attention, the IFG in the human prefrontal cortex may exert top-down control
to modulate the processing in somatosensory areas responsible for identifying
the task-relevant feature of the tactile stimulation. In addition, this area may
contribute to the bottom-up transmission of the extracted task-relevant infor-
mation into a widely distributed frontoparietal network selectively activated
during the detection of those aspects of the sensory stimulation that are at
the current focus of attention. It thereby seems that the neuronal mechanisms
identified here may generalize across modalities and cognitive demands, indi-
cating a central role of the frontoparietal network, and in particular the IFG,
in the cognitive coordination of top-down attentional control and bottom-up
sensory processing.
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Chapter 6.

Summary and Model Extension

The aim of the present thesis was to extend the model of somatosensory
processing for perception and action proposed by Dijkerman and de Haan
(Dijkerman and de Haan 2007), focussing on tactile feature processing and at-
tentional modulation during tactile perception. Both aspects have attached
little importance in the original model. Two experimental investigations were
carried out, in which tactile stimulation was applied to the index finger tip of
the participants’ hand, and specific stimulus attributes were associated with
different cognitive demands. Using fMRI we sought to determine the role
of feature-specific higher-order processing for tactile perception but also the
functional significance of attentional top-down modulation during tactile task
accomplishment.
In this chapter, following a brief summary of the findings presented in this

thesis, we reconsider the model of somatosensory processing for perception
and action introduced in Section 2.3. We then propose an extended version
incorporating the results of the two experiments and give an outlook on future
investigations that may build on the model.

6.1. Summary of Experimental Results

In the first experimental investigation, we used fMRI to examine the neu-
ronal correlates associated with feature-specific processing of tactile stimulus
attributes in humans under tightly controlled stimulation conditions. Differ-
ent types of dynamic stimuli created the sensation of moving or stationary bar
patterns during passive touch. Activity in somatosensory cortex was increased
during both motion and pattern processing and modulated by motion direc-
tionality in SI and SII as well as by pattern orientation in aIPS. Furthermore,
tactile motion and pattern processing induced activity in hMT+/V5, an area
traditionally associated with visual motion perception, and in IPC, involving
parts of the supramarginal and angular gyri. These responses covaried with
subjects’ individual perceptual performance in identifying the respective stim-
ulus attribute, suggesting that hMT+/V5 and IPC contribute to conscious
perception of specific tactile stimulus features. In addition, an analysis of ef-
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fective connectivity using PPI models revealed increased functional coupling
between SI and hMT+/V5 during motion processing, as well as between SI and
IPC during pattern processing. This connectivity pattern provides evidence
for the direct engagement of feature-specific cortical areas in tactile processing
during somesthesis.
In the second study presented in this thesis we took advantage of fMRI

to investigate the cortical network engaged in a tactile detection task that
involved selective attention to a specific tactile stimulus attribute. The par-
ticipants were asked to attend either to the spatial pattern or to the temporal
frequency of complex Braille-like tactile stimuli and to detect changes in the
respective stimulus attribute. Assessing task-dependent activations revealed a
distributed network of somatosensory as well as prefrontal and parietal areas
active during tactile task performance. Moreover, frontoparietal components
of this task-related network including IFG, LPFC, and aIPS selectively re-
sponded to the detection of change in the task-relevant stimulus attribute.
An analysis of effective connectivity using PPI modeling further revealed that
SI, SII, and IFG composed a network related to the functional integration
of task-relevant sensory information into tactile processing circuits. Modeling
context-dependent causal influences within this functional network using DCM
identified the crucial role of IFG in the cognitive coordination of top-down at-
tentional control and the processing of bottom-up sensory information.

6.2. The Extended Model of Somatosensory
Processing

In Section 2.3 of the present thesis, we introduced the model of somatosensory
processing for perception and action that was initially proposed by Dijkerman
and de Haan (Dijkerman and de Haan 2007). According to this model, a corti-
cal pathway, which is responsible for conscious somatosensory perception and
recognition of tactile objects, projects from SI via SII to the insula. Thereby,
the PPC contributes to the spatio-temporal integration of the input. Informa-
tion about an object’s properties is provided by higher-order association areas.
The authors regarded this processing stream as the somatosensory equivalent
of the ventral “what” pathway in the visual system. A second route running
from SI, either directly or via SII, to the PPC was suggested to subserve
somatosensory processing for the guidance of action. This cortical pathway
might constitute the tactile dorsal stream involved in somatosensory process-
ing of “where” and “how”. A further distinction, which is not possible in the
visual system, was made between somatosensory processing of external stim-
uli and internal targets. In addition, tactile perceptual recognition operates
in close cooperation with action-related mechanisms (e.g., exploratory hand
movements) and with bodily awareness involving proprioceptive information
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Figure 6.1.: Extended model of somatosensory processing for perception and ac-
tion. The extended version of the model shown in Figure 2.2 incorporates the
results of the two studies forming the basis for the present thesis. The pre-
frontal cortex may exert top-down directed attentional control over processing
in somatosensory areas to guide tactile perception (left highlighted box; see Chap-
ter 5), which may involve feature-specific integration in higher-level areas (right
highlighted box; see Chapter 4). SI, primary somatosensory cortex; SII, secondary
somatosensory cortex; PPC, posterior parietal cortex.

(i.e., body image) in the somatosensory system. Therefore, the distinctions
made between somatosensory processes for perception and action as well as
between processing of external and internal targets are less independent than
the “what” vs. “where” distinction proposed for the visual system. This is in
particular demonstrated by the “dual” role of the PPC, contributing both to
somatosensory processing of “what” for tactile perception and “how” for the
guidance of action.

Based on the results of the experimental investigations presented in Chap-
ters 4 and 5 of this thesis, we extended the model of somatosensory process-
ing for perception and action. Our focus was on somatosensory processing
for conscious perception of external tactile input and, in particular, the role
of feature-specific processing and attentional top-down modulation for tactile
perception. Figure 6.1 illustrates the extended model, which now includes
functions for feature-specific integration and feature-selective attentional con-
trol. The specific contributions are described in the following.
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The Role of Feature-specific Processing for Tactile Perception

In the first study presented in this thesis, we have shown that conscious per-
ception of tactile stimulus attributes may engage feature-specific integration
in higher-level cortical areas, which may be independent of the input’s sensory
modality. Based on these findings, a function for feature-specific integration in
higher-level areas was added to the model of somatosensory processing for per-
ception and action. This extension is illustrated by the right highlighted box in
Figure 6.1 and by the pathways connecting somatosensory cortex, higher-level
areas, and the PPC. Modality-specific somatosensory areas may interact with
regions that are specifically involved in the integration of perceptual features
such as motion or pattern into a conscious perceptual concept. Such higher-
order processing of individual stimulus features in modality-independent areas
might be arranged in parallel to the processing pathways from somatosensory
cortex to the insula and the PPC. The integration of feature-specific informa-
tion into a coherent representation of the tactile input might further require
temporal and spatial processing, which is subserved by the PPC. Such func-
tional interplay between higher-level areas and the PPC for tactile perception
is illustrated by the bidirectional link connecting these processes in Figure 6.1.
In line with this proposal, we provided evidence for motion-specific responses
in area hMT+/V5 in Chapter 4 and showed that the functional integration of
this motion representation occured in a network of SI, hMT+/V5, and aIPS
in the PPC during tactile motion processing. We further identified the IPC
as selectively responsive to pattern information. We did not directly show the
involvement of SII in these networks but provided suggestive evidence for this
assumption. Therefore, the proposed processing stream for feature-specific in-
tegration might run from SI either directly or via SII to higher-level cortical
areas. As emphasized several times, this functional segregation does not nec-
essarily preclude close interactions between feature-specific areas, insula, and
PPC, as tactile perception and object recognition require the integration of
cutaneous, proprioceptive, and spatio-temporal information. Another candi-
date for such feature-specific integration of multisensory input might be the
LOC, as discussed in Section 4.4. Several studies have shown that the LOC
is activated during the processing of visual and tactile information about an
object’s shape (e.g., Amedi et al. 2001; Pietrini et al. 2004; Lucan et al. 2010).
The LOC therefore appears to constitute a modality-independent area related
to higher-order perceptual representations of objects. Relating to this, Lacey
and Sathian proposed a model of multisensory object recognition, in which the
LOC contains a representation of object form that can be flexibly accessed ei-
ther bottom-up or top-down, independently of the input modality (Lacey and
Sathian 2011). Unisensory representations feed forward into this multisensory
representation that supports higher-order object recognition. In this way, the
processing of sensory input from any specific modality involves general higher-
order representations of task-relevant stimulus features. Our findings support
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such an integrative view, indicating that modality-specific representations of
tactile information may be closely related to feature-specific integration in
modality-independent areas. The present and the previous evidence for the
recruitment of higher-order cortical areas involved in multisensory integration
suggest that feature-specific higher-order processing might play a crucial role
for tactile perception and object recognition.

The Role of Attentional Modulation for Tactile Perception

The second experimental investigation revealed distinct neuronal mechanisms
that mediate context-related activity in the human brain during a tactile
change-detection task. The human prefontal cortex may exert attentional
control over processing in somatosensory areas to guide selective perception
of task-relevant stimulus attributes. Based on our results, we added a function
for attentional top-down modulation to the model of somatosensory processing
for perception and action. An additional box in the model schema represents
this extension (left highlighted box in Figure 6.1), including the signals from
prefrontal cortex that modulate the processing streams between somatosensory
areas. We subdivided the box devoted to SI in the former version of the model
in order to illustrate that each of the different steps of feature processing may
be modulated by feature-selective attention. Somatosensory areas are sensi-
tized about the anticipated input by means of top-down directed attentional
modulation. This mechanism allows for the identification, the extraction, and
further processing of task-relevant stimulus features. Successfully extracted
information, which is at the current focus of intention, can then be transmit-
ted to feature-specific and/or posterior parietal areas. These areas further
integrate this information into a conscious perceptual representation, which is
required for task accomplishment. In Chapter 5, we could show that the IFG
in the human prefrontal cortex may play a crucial role in mediating top-down
attentional control over somatosensory areas during tactile task performance.
As part of the frontoparietal network involved in cognitive control of action and
attention, the IFG may send top-down signals to modulate the processing in
somatosensory areas that are in charge of task-relevant feature selection. The
feedback connection from prefrontal cortex to somatosensory areas may not
necessarily be unidirectional, as the prefrontal cortex has to be updated with
sensory information in the service of attentional control. In addition, the IFG
may further participate in the bottom-up transmission of the extracted infor-
mation to the PPC. In this context, we provided evidence that the connection
from SII to IFG was modulated by the presence of change in the task-relevant
stimulus attribute. Furthermore, the aIPS in the PPC as part of the fron-
toparietal network was selectively activated by the detection of change in the
task-relevant stimulus attribute. Thus, our findings may suggest a central
role of the frontoparietal network, and in particular the IFG, in the functional
interplay of top-down attentional control and bottom-up sensory processing,
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which may generalize across modalities and cognitive demands. The concept
of attentional top-down modulation further relates to the theory of predictive
coding (Rao and Ballard 1999) and the importance of expectation for sen-
sory processing. Expectation reflects prior information such as knowledge or
experience about what is possible or plausible in the forthcoming perception
(reviewed in Summerfield and Egner 2009). According to this, prior informa-
tion acts as top-down directed influence on sensory areas during perceptual
inference, which may guide perception and in doing so facilitates the interpre-
tation of sensory input. However, the understanding of how expectation and
attention are related, how they may differ and how they interact in terms of
top-down modulation remains to be deepened further in future investigations.

6.3. Outlook
Overall, the postulated model of somatosensory processing for perception and
action incorporates present and previous evidence delineating the cortical pro-
cessing of somatosensory information during conscious perceptual inference.
The model was revisited in the light of new insights and extended based on
the findings presented in this thesis. It constitutes a description of how the
human somatosensory system is organized to subserve conscious perception
of external tactile input. Of course, tactile performance involving perceptual
inference of external objects requires close interactions between action-related
and perception-related processes, as well as the coordinated processing of in-
ternal and external information. The model was intended to enable the for-
mulation of testable hypotheses in order to advance the understanding of how
the somatosensory system manages conscious perception. In this way, the ex-
tended model complements the current knowledge of somatosensory processing
for conscious perception and contributes to the understanding of the human so-
matosensory system. In addition to its scientific value, the knowledge derived
in this way may implicate clinical applications in terms of neurorehabilitation
after peripheral nerve injury or stroke. Basic science research is important as
foundation for the development of innovative technologies that substitute for
lost abilities in humans following injury or disease. Applications such as neu-
roprosthetic devices controlled by the brain are becoming a realistic possibility
for restoring lost sensory or motor function. The elucidation of processes and
neural substrates involved in somatosensory processing is now making progress
but it will require multidisciplinary investigations aiming at delineating inter-
actions between the functional entities proposed in the model. Only such
cooperation will lead to a better understanding of the somatosensory system,
according to Seneca’s social rule that “one hand washes the other”.
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Conclusions

In the present thesis, we proposed an extended version of the model of so-
matosensory processing for perception and action introduced by Dijkerman
and de Haan (Dijkerman and de Haan 2007). The suggested extension predom-
inantly concerned the cortical pathway, which is responsible for somatosensory
processing for tactile perception and object recognition, as proposed by the au-
thors. In two experimental investigations using fMRI, we sought to determine
the role of feature-specific processing and attentional top-down modulation for
tactile perception. The findings presented in this thesis were incorporated as
organizing principles of perceptual inference into the model of somatosensory
processing for perception and action, and led to the following conclusions:

• Feature-specific integration in higher-order areas aids conscious percep-
tion of tactile stimulus attributes.

• Top-down modulation of somatosensory areas helps focussing attentional
resources on task-relevant aspects of the tactile input.

Both feature-specific and top-down processing gained in importance over
the last several years. Regarding the former, there is increasing evidence for
the close collaboration between the sensory modalities, especially between the
somatosensory and the visual system. As an example, the act of manipulating
objects usually requires visual guidance towards the object but also somatosen-
sory feedback to inform us about the object’s textural and spatial properties.
Close interactions between the modalities allow us to fine-tune the forces ap-
plied to the object. As illustrated by this example, the functional interplay
between modalities as well as feature-specific modality-independent process-
ing expand the individual capabilities of each system component. Consistent
with this, we provided evidence supporting the notion that feature-specific
processing might be a general rule during perceptual inference.
Concerning top-down processing, there is strong evidence that top-down

attentional control may shape the way, in which sensory inputs are being pro-
cessed and perceived. This relates to the hypothesis that sensory systems are
limited in their capacity of processing incoming information. Top-down mech-
anisms provide the organism with the ability to selectively suppress irrelevant
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information and enhance the representations of those aspects of the input that
are of current relevance. Several studies have directed considerable effort to-
wards elucidating these mechanisms of selective attention in the visual system.
In the present thesis, we demonstrated that the somatosensory system likewise
engages top-down processing for the guidance of selective perception of task-
relevant stimulus attributes, suggesting that these mechanisms may generalize
across modalities and cognitive demands.
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Appendix A.

BOLD Time Courses

Statistical maps of functional neuroimaging data give a fair impression of the
regional significance and the spatial extent of an experimental effect but they
are also just thresholded images, which in many cases represent relative differ-
ences in signal intensity and often do not convey the real nature of the effect.
In order to allow for proper evaluation of evoked activation profiles, it is there-
fore helpful to extract and to investigate the original imaging data, referred to
as BOLD time courses.
BOLD time courses were generated using the rfxplot toolbox (Gläscher 2009)

for SPM8 (Wellcome Department of Imaging Neuroscience, University College
London, UK). For every subject, the data were extracted from voxels showing
the individual activation maximum within a sphere of 5 mm radius constructed
around the group-level activation maximum. Averaged across the group, the
mean-corrected BOLD time courses were plotted time-locked to tactile stim-
ulation onset (stimulus duration was 4 s). The errors plotted as dotted lines
around the mean response are ±1 standard error of the mean.
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Figure A.1.: Group-averaged BOLD time courses extracted from SI (left) and SII
(right) for moving and stationary trials.
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Figure A.2.: Group-averaged BOLD time courses extracted from SI (left) and aSPC
(right) for patterned and random trials.
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Figure A.3.: Group-averaged BOLD time courses extracted from hMT+/V5 (left)
and IPC (right) for moving/stationary trials and for patterned/random trials.
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Additional Figures

hMT+/V5
z=-2

Figure B.1.: Overlap with anatomically defined map for hMT+/V5 activation. The
part of the activation for moving vs. stationary stimuli that overlaps with the
anatomically defined map for hMT+/V5 is shown in red and superimposed on the
probabilistic atlas provided by the Anatomy toolbox for SPM.
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SMA
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Figure B.2.: Functional regions active during motor responses. Contrasting re-
sponse onsets with baseline revealed somatomotor-related areas in the left hemi-
sphere (contralateral to the hand holding the response keys) including MI in the
precentral gyrus as well as SI, SII, and SMA. Lateral occipital activations can be
attributed to the visual cue advising participants to press the response button.
Statistical analysis involved a one-sided t-test at the group level using a signifi-
cance threshold of pcluster<0.05, corrected for multiple comparisons. SI, primary
somatosensory cortex; SII, secondary somatosensory cortex; MI, primary motor
cortex; SMA, supplementary motor area.
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Appendix C.

Bootstrapping Correlations

In order to assess whether the positive relationships determined between the
BOLD responses in hMT+/V5 (IPC) and participants’ accuracy in identifying
moving (patterned) stimuli correctly (see Section 4.3) were indeed reliable,
bootstrap sampling was performed (Efron and Tibshirani 1986). The bootstrap
method involves choosing random samples with replacement from a given data
set and analyzing each sample the same way. Sampling with replacement
means that every sample is returned to the data set for the next sampling,
so that a specific data point from the original data set might appear multiple
times in a bootstrapped sample. The range of sample estimates obtained allows
establishing the uncertainty of the quantity that is estimated.
Using MATLAB (v7.5, The MathWorks, Natick, MA) one thousand boot-

strapped samples each were drawn with replacement from the two original data
sets. Samples were drawn pairwise, meaning that when a BOLD response in
hMT+/V5 (IPC) was sampled, the corresponding performance value of iden-
tifying moving (patterned) stimuli correctly was also drawn. For each boot-
strapped sample the correlation coefficient was calculated. The histograms in
Figure C.1 show the variation of the correlation coefficients across all bootstrap
samples for (a) the relationship between BOLD responses in hMT+/V5 and
participants’ performance in identifying moving stimuli correctly and (b) the
relationship between BOLD responses in IPC and participants’ performance
in identifying patterned stimuli correctly. The mean values of the correlation
coefficients were 0.70 for the performance-dependent covariation in hMT+/V5
and 0.63 for the performance-dependent covariation in IPC.
To test whether the correlations were significantly different from zero, one-

sided confidence intervals were determined. After sorting both bootstrap sam-
ples, the fiftieth largest values were 0.3894 for the covariation in hMT+/V5
and 0.2026 for the covariation in IPC. Both values exceed zero, which indicates
that both correlations were significantly different from zero at a threshold of
p<0.05. The tenth largest values were 0.1717 and -0.2698 for the covariation in
hMT+/V5 and IPC, respectively. Thus, the correlation in hMT+/V5 was even
significant at p<0.01 suggesting that the performance-dependent covariation
in hMT+/V5 was more reliable than in IPC.
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(a) Performance-dependent covariation in hMT+/V5
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(b) Performance-dependent covariation in IPC

Figure C.1.: Bootstrapping correlations between (a) BOLD responses in area
hMT+/V5 and participants’ accuracy in identifying moving stimuli correctly and
(b) BOLD responses in IPC and participants’ accuracy in identifying patterned
stimuli correctly.
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