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I. Summary (German)

Obwohl der orbitofrontale Kortex bisher stets als entscheidende kortikale Instanz bei
der Verarbeitung von Belohnungen angesehen wurde (vgl. Rolls, 1999), lasst sich
aufgrund verschiedener Befunde annehmen, dass zumindest posterioren Anteilen
dieses Areals eine allgemeinere Rolle bei der Integration salienter motivational
relevanter Informationen in adaptives Verhalten zukommen konnte (z.B. Elliott et
al., 2003). So fihrten beispielsweise seltene unbelohnte Ereignisse, die eine
umgehende und schnelle Verhaltensanpassung erforderten, zu Aktivierungen in
posterioren Anteilen des orbitofrontalen Kortex unabhangig von deren hedonischer
Valenz (Gruber et al., 2006, in prep.). Um diese Annahme beziglich einer
allgemeineren Funktionalitat des posterioren orbitofrontalen Kortex zu Gberprifen,
wurden in der von mir durchgefuhrten Studie die Présentation verschiedener Arten
verhaltens- bzw. motivational relevanter Stimuli mit unterschiedlicher hedonischer
Wertigkeit systematisch innerhalb eines Aufgabenwechselparadigmas variiert. Auf
diesem Wege sollten in einem direkten Vergleich zwischen motivational relevanten
Stimuli mit einer Belohnungsassoziation und seltenen neutralen Stimuli, die eine
umgehende Verhaltensanpassung erforderten, innerhalb derselben  Studie
insbesondere Gemeinsamkeiten — und gegebenenfalls auch Unterschiede — in der
neuronalen Reprasentation belohnungsassoziierter Stimuli und verhaltensrelevanter
seltener Stimuli aufgedeckt werden.

Zehn gesunde Probanden (5 Ménner und 5 Frauen) nahmen an der vorliegenden
Studie in einem 3-Tesla Magnetresonanztomographen teil. Die Probanden fuhrten
ein sogenanntes Aufgabenwechselparadigma durch, bei dem sie verschiedene farbige
Schlauchfiguren (bivalente Stimuli) entweder im Hinblick auf deren Form (2
maogliche Formen) oder deren Farbe (4 verschiedene Farben) beurteilten. Die zwei
Figuren (Formaufgabe) und zwei der prasentierten Farben (Farbaufgabe) waren dabei
jeweils immer mit einer linken bzw. rechten Antworttaste verbunden und wurden
haufig in beiden Aufgaben présentiert. Die Ubrigen zwei Farben wurden dagegen

absolut selten préasentiert und erschienen ausschlieflich in der Formaufgabe. Diese

»Kritischen seltenen Ereignisse waren entweder:
(1) irrelevant (d.h. Probanden waren instruiert, diese Ereignisse zu ignorieren
und entsprechend der Formaufgabe zu antworten)

(2) irrelevant und mit einer Belohnung assoziiert
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(3) verhaltensrelevant (d.h. Probanden waren instruiert in diesem Falle eine
entsprechende Verhaltensanpassung vorzunehmen und eine andere Taste zu
dricken als urspriinglich durch die Formaufgabe gefordert) oder

(4) verhaltensrelevant und mit einer Belohnung assoziiert.

Die Hélfte der verbleibenden experimentellen Durchgange war ebenfalls mit einer
Belohnung assoziiert und somit motivational relevant. Die Belohnungsassoziation an
sich war deshalb nicht selten. Um die Probanden davon abzuhalten einzelne
Belohnungen mitzuzéhlen, wurden die Probanden nicht direkt belohnt, sondern
wurden aufgrund ihrer durchschnittlichen Performanz (d.h. die gemittelten
Reaktionszeiten und Fehlerraten) in ,,Belohnungsdurchgéngen® innerhalb einer
Rangliste aller Teilnehmer platziert. Die drei Bestplatzierten konnten dabei eine
Belohnung von € 50 gewinnen, was einen entsprechenden Anreiz fir die
Optimierung der Performanz in belohnungsassoziierten Durchgéngen darstellte.

Die Verhaltensdaten wurden mit SPSS (Version 13.0) ausgewertet. Die funktionellen
Bilder wurden mit Hilfe von SPM2 vorverarbeitet und analysiert.

Auf der Verhaltensebene fihrte die Prdsentation seltener verhaltensrelevanter
Ereignisse zu einer signifikanten Zunahme der Reaktionszeiten und Fehlerraten. Im
Gegensatz dazu hatte die Belohnungsassoziation keinen signifikanten Effekt auf die
Performanz der Probanden. Darlber hinaus zeigte sich, dass der rechte posteriore
orbitofrontale Kortex (im Bereich des posterioren olfaktorischen Sulcus sowie direkt
angrenzender posteriorer Bereiche) in ahnlicher Weise durch verschiedene Arten
verhaltensrelevanter Ereignisse aktiviert wurde (d.h. sowohl durch Ereignisse mit
einer Belohnungsassoziation also auch durch verhaltensrelevante seltene Ereignisse).
Gleichzeitig fand sich jedoch auch eine gewisse Selektivitdt innerhalb des
orbitofrontalen Kortex. Aktivierungen innerhalb weiter lateral gelegener Areale des
posterioren orbitofrontalen Kortex und angrenzender Bereiche des frontalen
Operkulums sowie auch Aktivitat im rechten anterioren orbitofrontalen Kortex
konnten entsprechend nur dann beobachtet werden, wenn ein seltenes Ereignis auch
verhaltensrelevant war und eine umgehende Verhaltensanpassung erforderte. Im
Gegensatz dazu fand sich Aktivitdt im linken medialen orbitalen Gyrus
ausschlieBlich in Assoziation mit einer Belohnung.

Nach den Ergebnissen einer kurzlich durchgefiihrten Metaanalyse (vgl. Kringelbach
& Rolls, 2004) werden verschiedene Aspekte der Verarbeitung motivational

relevanter Ereignisse tatsachlich von unterschiedlichen orbitofrontalen Subarealen
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représentiert. Im Hinblick auf die vorliegenden Ergebnisse lasst sich deshalb
annehmen, dass die selektiven Aktivierungen in lateral posterioren orbitofrontalen
Arealen (und frontooperkularen Kortizes) sowie im linken anterioren orbitofrontalen
Kortex mit der aktiven Verhaltensanpassung an verhaltensrelevante seltene
Ereignisse assoziiert waren und somit die Flexibilitdt im Verhalten garantierten,
wahrend der linke mediale orbitofrontale Kortex wahrscheinlich selektiv in die
Reprasentation der positiven hedonischen Wertigkeit der Belohnung involviert war
(siehe auch: Kringelbach, 2005). Daruber hinaus erscheint es zudem gerechtfertigt,
fur die Aktivierungen im rechten posterioren orbitofrontalen Kortex (innerhalb des
posterioren olfaktorischen Sulcus sowie in direkt angrenzenden Gebieten), die sich
sowohl in Verbindung mit seltenen verhaltensrelevanten Ereignissen als auch im
Zusammenhang mit einer Belohnungsassoziation zeigten, tatsdchlich eine
allgemeinere Rolle bei der Représentation salienter verhaltens- bzw. motivational
relevanter Ereignisse anzunehmen (vgl. Kringelbach und Rolls, 2004).

Abschlieend l&sst sich somit sagen, dass die vorliegenden Ergebnisse die initial
formulierte Hypothese beziglich einer allgemeineren Funktion des posterioren
orbitofrontalen Kortex bei der Représentation salienter verhaltens- bzw. motivational
relevanter Ereignisse unabhdngig von deren hedonischer Wertigkeit weitgehend
bestatigen konnten. Dennoch fanden sich auch selektive orbitofrontale
Aktivierungen, welche vermutlich auf Unterschiede in der hedonischen Wertigkeit
der in der vorliegenden Studie présentierten motivational relevanten Ereignisse sowie
auf deren jeweilige Konsequenzen im Hinblick auf das Verhalten (aktive
Verhaltensumkehr  nur  bei  verhaltensrelevanten  seltenen  Ereignissen)

zurickzufihren sein durften.
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I1. Summary (English)

Low-frequency events that required a rapid behavioral adjustment regardless of a
reward association have been shown to activate the posterior orbitofrontal cortex
(Gruber et al., 2006, in prep). In addition, this region was also activated by both
salient rewards and penalties independent of their actual hedonic valence (Elliott et
al., 2003). This led to the assumption, that the observed orbitofrontal activation could
in fact underlie a specialized mechanism for the processing of significant events in
the environment, which does not emerge exclusively in the context of (positive)
reward, but whenever any kind of salient motivationally (or behaviorally) relevant
event occurs that may require a rapid behavioral adjustment. In order to test for this
assumption in the present study the exact nature of motivationally (or behaviorally)
relevant events presented in the course of a task switching paradigm was
systematically varied. This allowed me to directly compare neural mechanisms
involved in the processing of biologically significant events that signaled the chance
to gain a reward for correct performance, with neural responses to behaviorally
relevant low-frequency events (oddballs) that required an adaptation of motor-
behavior (button-press), however without being rewarded.
Ten healthy subjects (5 females & 5 males) underwent functional magnetic
resonance imaging on a 3-Tesla-MRI-Scanner. Participants had to perform a cue
task-switching experiment in which they had to respond to either the color or the
shape of abstract geometric objects. Thereby, one out of two different objects was
presented in one out of four different colors during the experiment (bivalent stimuli).
The two objects and two of the colors (blue and red) were always mapped to a left or
right manual response and appeared frequently in both tasks. The remaining two
colors (white and yellow) were exclusively presented in the shape task and
represented the “critical low-frequency events” (oddballs), that were either:
(1) irrelevant (i.e., had to be ignored and subjects had to respond to the respective
shape)
(2) irrelevant and associated with reward
(3) behaviorally relevant (i.e., subjects had to adjust their behavior accordingly
by pressing a different response button than initially required by the shape
task)

(4) behaviorally relevant and associated with reward.
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Half of the remaining trials were also associated with a reward and were therefore
behaviorally relevant. However, reward was no low-frequency event in itself.
Further, in order to prevent subjects from counting individual rewards, trials were not
immediately rewarded, but instead reward was determined by a ranking-list of all
participants, which was based on the overall mean performance in rewarded trials.
Only the best three subjects with regard to their mean reaction times and error rates
in rewarded trials got an additional payment of € 50 each, which created the
incentive for optimization of performance in reward trials.

The behavioral data were analyzed with SPSS (Version 13.0). Preprocessing of the
neuroimaging-data was done using SPM2.

The behavioral data revealed that behaviorally relevant oddballs led to a significant
increase in both reaction times and error rates. In contrast, the reward association did
not significantly affect behavioral performance. On the neural level, the subtraction
contrasts including different types of behaviorally relevant events (i.e., both
behaviorally relevant oddball events and events with a reward association minus
congruent shape trails) revealed a significant activation in the right posterior
orbitofrontal cortex (directly adjacent to and within the right posterior olfactory
gyrus). In addition, two more laterally located posterior orbitofrontal clusters which
further extended into the frontal opercular cortices and one cluster in the right lateral
anterior orbitofrontal cortex were exclusively activated by relevant oddball events
which required a behavioral adjustment, while the reward association specifically
activated the left medial orbital gyrus.

Considering the results of the meta-analysis by Kringelbach & Rolls (2004),
distinctive orbitofrontal subregions may represent different aspects of processing of
motivationally relevant stimuli. Accordingly in the present study, selective
activations in lateral posterior orbitofrontal cortices (extending into frontoopercular
cortices) and left anterior orbitofrontal cortex presumably guaranteed behavioral
flexibility that ensured the adequate behavioral adjustment towards the response-
relevant oddball event, while the activation in left medial orbitofrontal cortex, that
occurred exclusively in the context of reward, may be interpreted in terms of a
representation of the positive hedonic value of the correct answer to a stimulus that
was associated with a rewarding outcome (cf., Kringelbach, 2005). Finally, with
regard to the right posterior orbitofrontal cortex (within and adjacent to the posterior

olfactory sulcus), which was activated by different types of behaviorally relevant
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events in a similar way, it may now be warranted to infer that its function may be
best described as that of a candidate region for the representation of salient
behaviorally relevant events in general (see also: Kringelbach & Rolls, 2004).

In conclusion, the results provide first support for the initial proposal of a neural
mechanism located in the right posterior orbitofrontal cortex that may indeed be
assumed to be specialized for the processing of biologically significant events in
general, regardless of their actual (hedonic) valence. Nevertheless, reward and
behavioral relevance of infrequency also activated distinctive orbitofrontal subareas,
a finding which may be explained by differences in hedonic valence and behavioral
consequences of the different types of behaviorally relevant events presented in the

current study.
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I11. Introduction

Adaptive behavior requires adequate reactions to the demands of an ever-changing
environment. Accordingly, organisms pursuing goal-directed behavior have to face
two antagonistic challenges that need to be balanced in a context-sensitive way: The
first one is to maintain goals in the face of distracting stimuli and competing
responses, while the second one is the ability to flexibly switch between goals and
reconfigure behavioral dispositions whenever a relevant change is detected (cf.,
Goschke, 2003). The ability to react rapidly and adequately to significant events in
the environment often decides upon behavioral success and guarantees survival.
Consequently, all salient changes (e.g., unexpected, aversive or novel events), which
could be of greatest potential relevance to current or planned behavior (Downar et
al., 2001), bear a strong potential to capture the organism’s attention involuntarily
and trigger an immediate reallocation of attentional and/or behavioral resources (cf.,
Redgrave et al., 1999a). For instance, a browsing animal in the savannas of Africa
would involuntarily attend to the sudden sound of an approaching predator and
would then probably decide for an instant flight as otherwise it would end up as prey,
while an unexpected encounter with a potential mate would similarly capture
attention involuntarily, but instead lead to active mating behavior. Finally, the sound
of a bus carrying tourists on a photo-safari would also immediately draw the animal’s
attention, but would almost certainly not lead to any behavioral change at all. These
examples show, that it is vital to respond to changing environmental demands in a
context-sensitive fashion, as not every salient event requires an identical behavioral
adjustment or even necessitates an adjustment at all. Hence, an organism also has to
be able to evaluate the behavioral relevance of a salient change against the
background of its actual meaning for the organism’s needs, since only adaptive
behavioral decisions will guarantee survival and successful reproduction.

In a real world environment animals mainly appraise the actual behavioral relevance
of environmental changes by their expected positive or negative value and use this
information for the subsequent behavioral modification. Especially the orbitofrontal
cortex [Abbr. OFC] has been assumed to be the prime cortical region that influences
goal-directed behavior, cognitive control processes and behavioral decisions based
on information concerning the perceived reward value of environmental stimuli (cf.,
Kringelbach & Rolls, 2004; Rolls, 2004).
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In an experimental setting arbitrary stimuli can also acquire behavioral relevance
(e.g., through association with a button press). For instance, in laboratory-animals the
assignment of behavioral relevance to experimental stimuli is commonly achieved
through instrumental or classical conditioning by making use of primary rewards
(i.e., congenital forms of rewards that are of direct importance for survival and/ or
reproduction, like for example food stimuli), in that way that a response made to a
certain stimulus is associated with a primary reward and therefore acquires a reward
value. Conversely, in humans it is also possible to make a stimulus relevant in the
experimental context by the means of a simple verbal instruction without providing
any incentive associated with this particular stimulus. Interestingly, these unrewarded
“cognitive incentives” have under some circumstances also been found to be
associated with an orbitofrontal response, namely when they were both perceived as
considerably salient (like for example infrequent or novel events) and were also
relevant for the organism’s behavior (e.g., Gruber et al., 2006, in prep.; Schnider et
al., 2005). Based on these prior findings, which underlined the orbitofrontal
responsiveness to different forms of salient behaviorally relevant stimuli, the current
thesis was intended to examine whether the OFC plays a more general role in the
representation of behavioral relevance of salient stimuli and whether it is therefore
also responsive to salient stimuli outside of the context of reward processing in case
these stimuli are also perceived as relevant by the organism.

The central interest of this thesis therefore lay on the orbitofrontal cortex and its role
in processing of different forms of salient behaviorally relevant stimuli (like
rewarded stimuli or infrequent deviants). However, before the main topic will be
addressed, the reader of this thesis will be provided with a basic understanding of the
terms ‘salience’ and ‘behavioral relevance’, because these two concepts will be
addressed throughout the whole manuscript. Subsequently, the second section of the
introduction will provide the reader with an outline on the neural correlates of reward
processing and their respective functions within the context of motivational behavior,
before the basic functions of the OFC within the motivational network will be
described in further detail in the third section. Section 3 of the introduction will
include information on the OFC’s neuroanatomical connectivity and will further
focus on orbitofrontal processing of reward value in a context-sensitive way
providing the actual basis for flexibility in cognitive-control processes in

motivational behavior. In addition, a short excurse to findings on orbitofrontal
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processing of other forms of salient behaviorally relevant events outside of the
context of reward processing is provided. After that, a comprehensive outline will be
given that deals with other brain regions, which have been found to be involved in
the detection and supposedly also the evaluation of other forms of salient and
behavioral relevant events, mainly in the context of oddball studies. Further, it will
be also outlined, why orbitofrontal activations have not been commonly observed in
the oddball paradigm. Finally, section 4 of the introduction will delineate the two
main working hypotheses against the background of previous findings and will also
illustrate the rationale of the current thesis.

1. Conceptual definition of “salience” and “behavioral relevance”

A fundamental neural organizing principle of human information processing is the
preferential processing of significant information in the environment. The term
“significance” is generally referred to as a stimulus property that allows the stimulus
or event to rise as a signal above the noise of incoming information. Neural
mechanisms involved in significance processing have been assumed to actively
weigh stimuli according to the core motivations of the organism and thereby resolve
competition among the various sources of potential input from the external and
internal environment. More importantly, it has been assumed that significance
processing has been shaped by natural selection and underlies the most fundamental
motivation that is to minimize danger or threat and to maximize pleasure or reward
(cf., Williams, 2006). However, significance processing involves several steps along
a temporal continuum with early preattentive processing of sensory input (e.g.,
salience processing) and later procedures that involve conscious goal-directed
processing of salient input (e.g., assignment of motivational and behavioral
relevance; cf., Williams, 2006). This means that “significance” may be best
described as a compound of both salience and behavioral relevance.

Detecting changes in the environment requires a rapid allocation of attention to either
objects, features or locations, and an equally rapid disengagement of attentional
processes (Bledowski et al., 2004). Unexpected, infrequent or novel events,
regardless of their actual task relevance, have been found to elicit a reflexive neural

response in healthy participants, which may be similar to the classic
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conceptualization of an orienting reflex (Kiehl et al., 2005a; see also: Williams,
2006). By orienting to change one is able to learn about new or unexpected stimuli
and events in the environment. Once the input is familiar, it no longer generates the
orienting reflex (cf., Williams, 2006). The orienting reflex has been reported to be
elicited automatically and leads to an attentional switch (e.g., Naatanen, 1990),
which can for instance be measured by an increase in the level of autonomic arousal
(e.g., skin-conductance increases and heart rate modulations; e.g., Williams et al.,
2000; see also: Boucsein, 1992). It is further assumed to be triggered by the detection
of a salient environmental stimulus, which strongly deviates from the neuronal
model built from the repetitive features of the environment (cf., Sokolov, 1963) and
is believed to occur pre-attentively. For instance, midbrain dopamine neurons have
been observed to already respond to a salient visual event even before there is an
opportunity to make a visual saccade, i.e., before the stimulus is actually foveated.
These neurons are simply activated by the unexpected and therefore salient change in
the environment, but the precise nature (whether the environmental change is
relevant or actually irrelevant to the organism) remains at that time still
undetermined (cf., Horvitz, 2002).

Accordingly, the meaning of the term “salience”, as it will be used in the present
study, therefore may be best described as the striking quality of an object that
captures an organism’s attention automatically, and involuntarily leads to a switch in
attentional resources (cf., Redgrave et al., 1999a). It can thereby either be stimulus-

inherent or context-dependent. Zink et al. (2004) defined it

“[...] as arousing by virtue of either its inherent properties when they are
striking or its importance based on the context in which it is presented.”
(Zink et al., 2004: p. 512),

while Downar et al. (2002) gave a more elaborate definition in that

“The salience of a given stimulus reflects its potential relevance to behavior
and is therefore influenced by behavioral context. [...] salience may also
depend on factors independent of behavioral context, such as stimulus
intensity, frequency of appearance, or novelty.” (Downar et al., 2002: p.
615),

which can be further described within the more general framework of

»attention [which] is, in part, a mechanism for selecting the features of the
sensory environment which are most salient — i.e., of greatest potential
relevance to current or planned behavior.” (Downar et al., 2001: p. 1256).
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This means that the salience of a stimulus may also be modulated by higher order
cognitive processes prior to the eliciting event (cf., Horvitz, 2002). In a situation, in
which subjects are instructed to detect infrequent target stimuli (e.g., in the classical
oddball paradigm; see Section 4, below) different attentional processes are assumed
to interact with each other. On the one hand, infrequent targets are salient due to their
rareness and automatically elicit an orienting reflex which has been described as a
“bottom-up” or stimulus-driven mechanism, while on the other hand these targets
also represent prospective memory goals and for that reason represent a behavioral
goal which requires a voluntary adjustment of attentional and behavioral resources in
the sense of “top-down” processing (cf., Corbetta & Shulman, 2002). As a result, the
detection of salient stimuli that require a behavioral response has been reported to be
associated with orienting processes that are often stronger and more robust than the
response to novel stimuli (cf., Sokolov, 1963). The term “behavioral relevance”, in
the sense in which it is used in the current study, is therefore a stimulus-characteristic
that can exert a rather “top-down” modulatory influence on stimulus salience
(Downar et al., 2001, 2002). Stimuli are behaviorally relevant if they constitute a
behavioral goal for the organism (e.g., through their association with a punishing or

rewarding outcome) and require a behavioral adjustment (e.g., a behavioral change to

initiate avoidance or approach behavior). If for instance — like in a previous study
(Gruber et al., 2006, in prep.) — an infrequent stimulus acquired behavioral relevance
through the simple verbal instruction to execute a special motor response on its
appearance, then this stimulus acquires motivational and behavioral significance (i.e.,
it becomes a prospective memory target) and stimulus salience is probably also
increased which adds to its already salient stimulus-characteristic of being rare.

Rewards (e.g., money) always bear the inherent property of being relevant to the
organism and its behavior, because they are directly associated with the fundamental
motivation of maximizing reward and minimizing punishment, which guarantees
survival (cf., Williams, 2006). In most situations in a real world environment,
organisms are further required to interrupt ongoing behavior and (rapidly) adjust
attentional resources and behavior in order to gain and consume the respective
reward (cf., Redgrave et al., 1999a). Rewards therefore represent an ecologically
valid situation of behavioral relevance different from the strictly experimental form
described above (Gruber et al., 2006, in prep.). Still, their salience may vary

according to the respective context in which they occur (e.g., whether a monetary
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reward occurs unexpectedly or can be predicted) and so does their actual
motivational and behavioral relevance. Accordingly, a satiated organism would
assign lower motivational and behavioral relevance to a food item than one that is

near starvation.

2. Parsing the neural components of reward processing and motivated behavior

On the neural level the identification of reward-predicting stimuli or rewarded events
is ensured by the brain’s reward circuit, which also guarantees the adequate selection
and initiation of goal-directed behavior to acquire a reward (cf., Kalivas &
Nakamura, 1999). Initially, incoming sensory information is thereby analyzed for its
potentially rewarding or aversive qualities and its reward-predicting attributes (partly
based on previous experiences), which allows the identification of positive
reinforcers. In a second step, an adequate behavioral response has to be selected
against the background of both situation-specific demands and previous experiences
within similar situations. If more than one behavioral possibility exists, the expected
reward tied to each of the possible responses in the current context is validated and is
assigned a motivational value (cf., Redgrave et al., 1999b), which finally allows for
the context-adequate and goal-directed selection of a behavioral response (cf.,
Robbins & Everitt, 1996; Kalivas & Nakamura, 1999; Rolls, 1999).

Motivated behavior therefore relies on several complex and partly interacting
processing steps that have to be integrated by the organism’s brain. Research
findings have provided evidence that not a single cortical region, but a “motivational
network™ of interacting subcortical and cortical brain regions underlies reward
processing and motivated behavior. Among them are for one thing the midbrain
dopamine system (i.e., substantia nigra and ventral tegmental area [Abbr. VTA]),
the amygdala, the OFC, the insular cortex, the ventral and dorsal striatum (in
particular caudate nucleus and nucleus accumbens) and the hypothalamus which are
assumed to function in concert (cf., Kringelbach & Rolls, 2004; McClure et al.,
2004a; O’Doherty, 2004), even though the exact interactions are still under
discussion. Yet, each region also participates with unique functions in the overall
implementation of motivational behavior and not all of these regions are assumed to

be involved in the actual reward identification and evaluation, but rather provide
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important input and output systems for reward-sensitive regions (cf., Kringelbach &
Rolls, 2004).

2.1 The regions of the brain’s reward circuit

Important input required for motivational processes is for instance provided by the
insular cortex. Within the “motivational network” the insula mainly supplies higher
order processing regions like the OFC with information based on the sensory
properties of rewarding stimuli (e.g., odor identity; O’Doherty et al., 2000) and has
further been observed to be activated by sensory-specific satiety effects in some
studies (O’Doherty et al., 2000; Small et al., 2001; Kringelbach et al., 2003). In
contrast, the hypothalamus probably functions as a central output structure, which
has been assumed to regulate and modulate autonomic and physiological responses
to emotional stimuli receiving its input from other structures of the “motivational
network” (e.g., the VTA and the nucleus accumbens; Menon & Levitin, 2005).

Midbrain dopamine projections are another input source that is linked to the
striatum and cortical regions. Traditionally, these neurons have been reported to be
the major source for the release of a teaching signal that indicates an error in reward
prediction. In this scheme, the appearance of an unexpected reward elicits a strong
dopamine response, while expected rewards do not. Further, unexpected reward
omission leads to a suppression of activity in dopamine neurons, presumably
providing the organism with important information concerning the future detection
and prediction of positive reinforcers in the environment (cf., Schultz, 2000). In
humans support for this assumption has mainly been derived from neuroimaging
studies addressing dopamine target sites in the striatum (e.g., nucleus accumbens)
and also in the orbitofrontal cortex (Berns et al., 2001; Tobler et al., 2006; Abler et
al., 2006). Of these structures, the ventral striatum (and in particular the nucleus
accumbens) has been reported to convey the motivational significance of
emotionally laden stimuli (e.g., Knutson et al., 2001a) also in form of a reward-
prediction error (Abler et al., 2006) and has been assumed to participate in both
Pavlovian and instrumental conditioning (O’Doherty et al., 2004), while the dorsal
striatum including anterior caudate nucleus has been further observed to mediate

the instrumental component of motivated behavior (Elliott et al., 2004; O’Doherty et
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al., 2004). Striatal function may thereby be best described in terms of the “actor-
critic-model” in which the ventral striatum has the function of the “critic”, that learns
to predict future rewards based on the reward-prediction error, while the “actor” (i.e.,
the dorsal striatum) maintains information about the rewarding outcomes of actions
in order to enable better ones to be chosen more frequently (O’Doherty et al., 2004).
Still, in animals midbrain dopamine neurons in substantia nigra and the VTA have
recently also been shown to respond to a large category of salient and arousing
events, which not only included appetitive stimuli (e.g., primary rewards), but also
aversive, high intensity and novel stimuli that had no rewarding property. In addition,
dopaminergic activity was found to be suppressed not only by the omission of
rewards, but also by events that were associated with reduced arousal or attenuated
anticipatory excitement (cf., Horvitz, 2000 for a comprehensive overview). Redgrave
et al. (1999a) and Horvitz (2000) have hence suggested that, instead of being
restricted to reward-related processing, mesolimbocortical and nigrostriatal
dopamine neurons represent an essential component in the process of switching
attentional and behavioral selections to unexpected behaviorally significant stimuli in
general. Dopamine signaling is hence believed to prepare the organism for the
appropriate reaction to salient environmental changes and thereby contributes to the
successful execution of goal-directed behavior (cf., Horvitz, 2000). Similarly, in
humans dopamine target sites in the striatum (i.e., nucleus accumbens and caudate)
have also been found to be involved in representing stimulus saliency per se (i.e., in
the representation of unrewarded salient visual distractors that had to be ignored;
Zink et al., 2003).

However, this general processing function, that applies for all kinds of salient or
arousing events, also implicates that neither dopamine neurons nor the striatum are
actually qualified to provide information on the actual motivational significance of
events (cf., Horvitz, 2000), which is however required for an adaptive behavioral
choice. Horvitz (2002) has recently proposed that, instead of signaling the
motivational value of salient events themselves, dopamine simply gates the
throughput of orbitofrontal and amygdaloid glutamatergic inputs to dorsal and
ventral striatal target regions, like it also gates the throughput of corticostriatal
sensory and motor signals that are needed for correct response execution. Since, one
important function of the OFC and amygdala has been found to be the

representation of current reward value of environmental stimuli in humans (e.g.,
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O’Doherty et al., 2000; Gottfried et al., 2003), inputs from these structures
supposedly deliver decisive evaluative information about motivation-related events
in the environment which then allows for adequate behavioral decisions (cf., Horvitz,
2002). Within the “motivational network” the orbitofrontal cortex and partly also the
amygdala have thereby been assigned a central role in multimodal reinforcer-
representation and coding of predictive reward value (e.g., Zalla et al., 2000;
O’Doherty et al., 2001; Elliott et al., 2003; Elliott et al., 2004). On this account it
may also be assumed, that the OFC - apart from the amygdala — constitutes the
central neural source that flexibly codes information on the current and predictive
motivational value of environmental stimuli. For a further understanding of this
essential role in the processing of incentive and motivational value, the next section

provides a more detailed overview on orbitofrontal function.

3. The orbitofrontal cortex and its role in the processing of biologically

significant stimuli

Among neocortical regions the OFC has been of major interest when it comes to the
representation of reward-related information (for recent reviews on orbitofrontal
functioning please see: Kringelbach & Rolls, 2004; Rolls, 2004; Kringelbach, 2005).
This section will provide a comprehensive overview on past and present findings
regarding the functional role of the OFC in both reward processing and the
processing of salient motivationally significant environmental stimuli in general
whereby the emphasis will be on neuroimaging findings in humans. Since a
fundamental understanding of the functional role of the OFC requires a basic
knowledge on its major projections (i.e., its neural inputs and outputs), a brief outline
on its most important projections — mainly derived from research on non-human

primates — is further given.

3.1 Neuroanatomical connectivity of the OFC

In contrast to other prefrontal regions the OFC receives projections from the

magnocellular medial part of the mediodorsal nucleus of the thalamus (cf., Fuster,
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1997) and is for that reason the only prefrontal region that obtains inputs from all
sensory modalities — including all “what” processing systems (e.g., the ventral visual
stream) as well as visceral projections — making it the most polymodal region of the
entire cortex (cf., Rolls, 1999; Rolls & Deco, 2002). It contains the secondary taste
cortex and both the secondary and tertiary olfactory cortices in which not only the
identity, but also the reward value of odors is represented (cf., Rolls, 2004). Due to
these neuronanatomical preconditions the OFC is predisposed for multi-modal
stimulus-reinforcement association learning (cf., Rolls 1999; Rolls, 2004) and may
also function a crucial sensory-visceromotor link for consummatory behavior (cf.,
Ongir & Price, 2000).

Apart from sensory connections the OFC further has reciprocal connections with
other regions that have been reported to be involved in both emotional processing
and goal-directed behavior. Accordingly, the OFC has connections with the
amygdala (Carmichael & Price, 1995; Cavada et al., 2000), the anterior and posterior
cingulate cortices (Van Hoesen et al., 1993; Ongiir & Price, 2000) also including the
cingulate motor area (Cavada et al., 2000;) as well as other prefrontal regions
(Barbas & Pandya, 1989; Carmichael & Price, 1995). With respect to intrinsic
corticocortical connections the OFC may be divided into two networks of which one
is restricted to orbital areas, while the other one involves the medial frontal cortex
and orbital areas (cf., Ongir & Price, 2000). The “orbital prefrontal network”
includes most areas within posterior, central and lateral orbital surface and therefore
receives its major inputs from several sensory modalities and is assumed to be
involved in sensory integration. In contrast, the “medial prefrontal network”, which
consists of all areas on the medial wall and related areas in the OFC, rather seems to
provide the visceromotor link, as it provides most of the descending projections to
the hypothalamus and brainstem. Connections between the two networks within the
OFC provide a further basis for sensory-motor linkage (cf., Ongiir & Price, 2000).
Additional support for the orbitofrontal role in emotional processing comes from the
observation of strong reciprocal connections with the periaqueductal gray (Rempel-
Clower & Barbas, 1998) and — even more importantly — with the anterior and
ventromedial striatum, thereby mainly the caudate nucleus (Eblen & Graybiel, 1995).
According to Rolls (1999) this pathway could be directly involved in goal-directed
behavior and may further control the dopaminergic neurons of substantia nigra pars

compacta. In line with this finding there is also evidence of other pathways to
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dopaminergic parts of the midbrain (Ongir & Price, 1998) and the nucleus
accumbens (Haber et al., 1995). Regarding the assumed orbitofrontal influence on
goal-directed motor behavior, reciprocal connections from lateral and caudal OFC to
the premotor area F5, an area representing both distal arm movements through
neurons that are responsive to goal-directed motor acts and motivational visual
stimuli (Rizzolatti et al., 1988), have been also detected (Barbas & Pandya, 1989).
Moreover, caudal OFC receives projections from the insula cortex, which relay taste,
olfactory, visceral and somatosensory information (Mesulam & Mufson, 1982).
Finally, the medial OFC also obtains direct ipsilateral projections from the
hippocampus (Cavada et al., 2000) which may even point to an orbitofrontal
involvement in memory processes, an assumption which has found converging

support in some recent studies (e.g., Frey & Petrides 2002, 2003; Rolls et al., 2005).

3.2 Evidence from neuroimaging

Functional neuroimaging studies have provided evidence that points to a crucial role
for the OFC in the flexible representation of primary rewards and punishments (i.e.,
congenital reinforcers like food) and in goal-directed behavior that is based on the

rewarding properties of environmental events (cf., Kringelbach & Rolls, 2004).

3.2.1 Representation of primary and secondary reinforcers

The representation of primary reinforcers in the OFC is mainly based on the
representation of the identity or intensity of sensory stimuli independent of their
hedonic value (i.e., sensory integration). This could be for example the sheer taste of
a food item (De Araujo et al., 2003a; Kringelbach et al., 2003) or its odor (Francis et
al., 1999; De Araujo et al., 2003a). Such identity-specific activations have been
preferentially detected in those orbitofrontal subareas that receive direct projections
from the respective sensory modalities (e.g., the taste-sensitive activations were
observed in caudal OFC that is continuous with the anterior agranular insular cortex
which — together with the frontal operculum — forms the primary taste cortex; De

Araujo et al., 2003a; Kringelbach et al., 2003). Moreover, taste-odor associations and
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therefore flavor perception also converge in medial OFC (De Araujo, 2003a; see
also: Ongir & Price, 2000), which underlines the important role of the OFC in
stimulus-stimulus and stimulus-reinforcer association learning (e.g., Gottfried et al.
2003; Tabbert et al., 2005). Accordingly, secondary reinforcers, which are
understood as acquired forms of reward (e.g., money) because they gained their
rewarding value through the association with a primary reward, are also represented
in the OFC (cf., Kringelbach & Rolls, 2004).

3.2.2 Representation of relative reward value

However, the mere identity or intensity of a primary or secondary reinforcer does not
suffice for an adaptive behavioral decision. Internal needs (e.g., perceived hunger),
behavioral goals and external demands (e.g., the effort associated with actual reward
acquisition) have to also be taken into account. The OFC is assumed to provide the
collective currency for adaptive behavioral decisions in terms of a predictive reward
value (cf., Montague & Berns, 2002; Kringelbach, 2005). Observations made in
reinforcer devaluation studies have shown that the OFC responds less to a food-
associated odor when the respective food was eaten to satiety (Gottfried et al., 2003).
In addition, reduced pleasantness ratings for a food eaten to satiety (O’Doherty et al.,
2000), for liquid food-stimuli (e.g., tomato juice) in different satiety states
(Kringelbach et al., 2003) and the subjective decrease in pleasantness ratings for
mineral water in thirsty satiated compared to thirsty individuals (De Araujo et al.,
2003b) were similarly linked to a decline in the overall orbitofrontal response. A
correlation between subjective hunger ratings and orbitofrontal response was also
observed during food item presentation (Morris & Dolan, 2001). These findings
strongly support the assumption that the OFC tracks the perceived (subjective)
reward value of primary reinforcers, which also allows for adaptive preference
judgments with respect to different reward options. Coding of predictive reward
value in an orbitofrontal neuron was indeed observed to parallel behavioral choice.
Tremblay & Schultz (1999) reported that a monkey, having the choice between
reward A and B, would choose A which was accompanied by an increased
orbitofrontal response to reward A. Instead, in the concurrent presentation of reward

B and C, reward B was preferentially chosen, which was also paralleled by an



Introduction 19

increased orbitofrontal response to reward B. That means that although reward B was
physically identical in both situations, its motivational value was calculated in a
relative way and differed according to the other available reward in terms of the

monkey’s relative subjective preference.

3.2.3 Representation of flexible reward monitoring and reversal-learning

Associations formed in the OFC are never static. In contrast to the phylogenetically
older amygdala, which has been reported to also code relative value (see above), but
which tends to need many experimental trials before a response or an association is
reversed after change in contingency, OFC appears to code (reward) reversals
extremely rapidly (Rolls et al., 1996; Morris & Dolan, 2004) and further rapidly
implements the new formation of a stimulus-reward association (cf., Rolls, 1999).
This orbitofrontal function has been interpreted in terms of a behavioral advantage
that allows for an immediate behavioral change (e.g., the escape from aversive
stimuli) and is also thought to improve social abilities (e.g., through the rapid
identification of changes in facial expressions). Accordingly, in a reversal-learning
task the human OFC was found to be sensitive to changes in facial expression upon
which a rapid behavioral change had to be executed (Kringelbach & Rolls, 2003). In
the reversal-learning paradigm, subjects are commonly required to constantly
monitor the (reward) outcome associated with two stimuli. The overall goal of the
task is to select that one of the two stimuli that is followed by the predicted outcome
(e.g., a positive reward feedback) as much as possible. However, over time stimulus-
outcome contingencies change and the alternative stimulus is now associated with
the desired outcome which requires a behavioral switch in stimulus choice.
Accordingly, in the common reversal-learning paradigm behavioral switching should
follow the first error in predicted outcome as a reliable signal that indicates that the
alternative stimulus is now associated with a reward. Conversely, in a probabilistic
reward-reversal-learning paradigm reward feedback is not fully predictive and not
always contingent on performance. However, this paradigm has the decisive
advantage, that neural responses related to punishment per se can be dissociated from
those to punishing events that are followed by the actual behavioral change. In this

context, the lateral OFC has been found to be especially responsive to punishment
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leading to behavioral change (O’Doherty et al., 2001, 2003; Cools et al., 2002),
which underlines its important role in the flexible representation of action-outcome
associations, but further indicates that the lateral OFC may also represent inhibitory
control processes that help to breach perseverative responding (Elliott & Deakin,
2005).

In addition, the OFC has also been observed to provide a powerful learning signal
that depends on the discrepancy between the predicted and the actually received
reward (in the sense of a reward prediction error; Ramnani et al., 2004; Tobler et al.,
2006), which supposedly further strengthens behavioral responses to a stimulus that
is associated with the maximal positive outcome. Accordingly, in humans
orbitofrontal activity was always associated with the positive prediction error (i.e.,
the occurrence of an unpredicted reward), while orbitofrontal deactivations followed
the unpredicted omission of an expected reward associated with a conditioned
stimulus (Ramnani et al., 2004; Tobler et al., 2006). This again emphasizes the
importance of the OFC in both developing flexible reward predictions based on
expectations that are tied to conditioned stimuli and decision-making that is mainly
guided by external cues and their expected motivational value.

3.2.4 Regional-specific processing of different aspects of biologically significant
stimuli within OFC

It is also worth mentioning that some neuroimaging studies found a functional
segregation within human OFC. Punishment leading to behavioral change has been
reported to be preferentially represented by lateral parts, while medial OFC has been
rather assumed to subserve monitoring of reward value (O’Doherty et al., 2001,
2003). A recent meta-analysis based on the results from 87 neuroimaging studies
confirmed the medio-lateral trend within OFC (Kringelbach & Rolls, 2004; see also:
Fig. 1, p. 21). In addition, an anterior-posterior trend was also detected within the
OFC according to which an increasing complexity of the representation and
processing of rewards and punishers was mirrored by the location of activation along
the posterior-anterior axis. While anterior parts of the OFC were rather activated by
combinations of sensory inputs (e.g., flavor) and more abstract forms of secondary

reinforcers (e.g., subjective pleasantness, loss of money), posterior parts of the OFC,
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Figure 1: Activations from studies reviewed in the meta-analysis by Kringelbach & Rolls (2004). Two
centers of mass of the clusters of activations related to motivation-independent reinforcer representation (blue
circles) were marked with a blue cross. Similarly, punishers leading to behavioral change (yellow triangles)
showed two centers of mass (red crosses). Monitoring of reward value (light green diamonds) exhibited only
one center of mass (white cross). Clusters were significantly separated in a medial-lateral and anterior—
posterior trend (Fig. 1 was taken from Kringelbach & Rolls, 2004).

including five-layered agranular regions, were mainly involved in processing of
primary rewards and punishers which has been interpreted in terms of a processing
hierarchy (Kringelbach & Rolls, 2004).

3.3 Evidence from lesion studies

From the first reported and therefore supposedly most famous case of Phineas Gage
(cf., Macmillan, 2000), who survived an orbitofrontal damage caused by a metal rod
penetrating the medial (orbito-)frontal cortex through the left cheek bone to the top
of the head, to recent studies on patients with orbitofrontal damage (e.g., Hornak et
al., 2004) the lesion-approach has helped to further elucidate the important role of the

OFC in emotional processing, appropriate decision-making and social conduct.

3.3.1 Deficits in reward monitoring and reversal-learning

Most of the deficits found in patients with orbitofrontal damage can be ascribed to a

disturbed integration of reward- and/ or emotion-related information (e.g., deficient

evaluation of reward magnitude and changes in reward value), which also affects



Introduction 22

behavioral decisions (cf., Rolls, 2004; Kringelbach & Rolls, 2004). For instance,
social interaction has been found to be disturbed by a considerable deficit in the
correct identification of emotional face or voice expression often following bilateral
orbitofrontal lesions (Hornak et al., 2003). In addition, the ability to switch or reverse
the choice of a certain stimulus based on its changing reward value in reward-
reversal paradigms has also been shown to be impaired following bilateral
ventromedial damage (e.g., Rolls et al., 1994; Freedman et al., 1998; Fellows &
Farah, 2003). Recent findings thereby revealed, that this deficit cannot be attributed
to a simple form of motor response inhibition or perseveration, but has been instead
assumed to be caused by an impaired reward monitoring function guiding adaptive
behavior (Hornak et al., 2004).

3.4 The orbitofrontal cortex and processing of salient behaviorally relevant
events - Beyond the context of reward processing

Outside of the context of reward processing, the orbitofrontal involvement in the
processing salient events is mostly unexplored in humans. Only a handful of
neuroimaging studies — most of them using the method of positron emission
tomography [Abbr. PET] — have reported an orbitofrontal response to salient events
independent from reward processing. For example, in a prior functional magnetic
resonance imaging [Abbr. fMRI] study from my laboratory (Gruber et al., 2006, in
prep.) it has already been shown that a behaviorally relevant infrequent stimulus
attribute, which required subjects to rapidly adjust their behavior towards the
infrequent and therefore salient change — amongst other regions — activated parts of
the posterior OFC. Increased posterior orbitofrontal activation has also been found in
response to the detection of unexpected salient visual stimuli which strongly deviated
from expectation (Petrides et al., 2002), in association with unexpected unpleasant
sounds (Frey et al., 2000), during selection of currently relevant memories (Schnider
et al., 2000; Treyer et al., 2003) or in a guessing task with an uncertain outcome
(Schnider et al., 2005). More anterior parts of the OFC were further involved in the
representation of rarely occurring invalid spatial or temporal cues (Nobre et al.,
1999) and in general outcome monitoring processes independent from reward

processing (Schnider et al., 2005; see also: Fig. 3, p. 28).
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Even though each of the above-mentioned studies found reliable activations within
the OFC, none of them had provided subjects with reward or any other special
incentive for correct performance. Instead, these studies simply used experimental
manipulations that included stimuli, which were both highly salient (e.g., unpleasant
or infrequent) and also somehow relevant for current or future behavior. For
instance, in the previous study from my laboratory (Gruber et al., 2006, in prep.)
subjects were given a simple verbal instruction, which made an infrequent stimulus
attribute (i.e., the color white) behaviorally relevant and therefore a prospective
behavioral goal. In the rare case of its occurrence in the shape task, subjects had to
disregard the shape dimension and execute an alternative button press in the shape
task. Interestingly, a region in the posterior OFC was exclusively activated in that
particular situational context, in which the stimulus attribute was both infrequent and
behaviorally relevant, but not if an infrequent but actually irrelevant stimulus
attribute was presented that had to be ignored (i.e., in a situation of infrequency per
se) or when the deviant color was presented frequently in a separate session, but still
required the same alternative button press (i.e., in a situation of mere behavioral
relevance).

In addition, some other studies which used stimuli with varying reward- and
punishment-levels also led to the inference that the posterior part of the OFC was
less involved in the representation of the positive valence of rewarded events, but
rather showed a valence-independent coding of emotional salience in general.
Accordingly, both winning in the context of a winning-streak and a penalty in the
context of a big loss led to a reliable activation within posterior OFC (Elliott et al.,
2000a). A similar activation has been observed when it came to the best or the worst
outcome out of a range of possible rewards (Breiter et al., 2001; Elliott et al., 2003),
indicating that it was rather the subjectively perceived (behavioral) significance of
the event, which activated the posterior OFC, than the actual hedonic value of the
respective outcome (see also: Fig. 3, p. 28).

In sum, the above described findings allow for the inference that posterior OFC
responded in a context-sensitive way to those stimuli that were maximally salient and
also behaviorally relevant regardless of their actual valence, which argues for a more
general role of the OFC in processing of salient meaningful events outside of the
context of reward processing (cf., second working hypothesis, p. 30). Nevertheless,
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not every infrequent and response-relevant event previously activated the OFC. The

next section will address this issue and will further derive an explanation.

3.4.1 The neural correlates of salience processing in the oddball paradigm and
the OFC

Apart from the studies described above, a systematic manipulation of the salience
and behavioral relevance of experimental stimuli has also been achieved by
manipulating the frequency or familiarity of either task-relevant or irrelevant stimuli.
In the classical oddball paradigm, response-relevant (infrequent) oddball targets were
randomly presented within a stream of frequent standard stimuli within one attended
modality (e.g., the visual modality). While the standard stimuli in most previous
studies required no response, targets were behaviorally relevant and either had to be
counted or necessitated a manual response. In some studies presentation of
infrequent response-relevant targets was also accompanied by randomly interspersed
infrequent distractors or non-repeating novel stimuli, which — like the frequent
standard stimuli — also required no response (e.g., McCarthy et al., 1997; Menon et
al., 1997; Casey et al., 2001; Bledowski et al., 2004). Another variant of this
paradigm required subjects to process two modalities (e.g., auditory and visual
stimuli) at the same time, of which only one contained response-relevant targets and
had to be attended for stimulus changes, while the other modality was processed
outside of the focus of attention and stimulus-changes had to be ignored (e.g.,
Downar et al., 2001). Still, what most variants of the oddball-paradigm had in
common was, that only the oddball-targets entailed a voluntary response initiation,
while all other events had to be ignored. Auditory, visual and tactile processing has
been similarly addressed by oddball studies. For that reason, there exists a
comprehensive research record on brain regions that have been generally found to be
involved in the processing of salient events that could either be task relevant or
irrelevant. Interestingly, the variants of the oddball-paradigm activated roughly the
same regions (e.g., Downar et al., 2001; Bledowski et al., 2004; Kiehl et al., 2005a),
whereby task-relevant events have mostly been found to elicit overall stronger
responses (Downar et al., 2001) and sometimes even selective responses (Clark et al.,

2000). In all up to about 40 regions have been found to be activated by different
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Figure 2: Regions commonly observed in target-detection in the oddball paradigm. (A) in red: regions that
were more responsive to task-relevant stimuli; in yellow: regions that were equally responsive to both task-
relevant and irrelevant stimuli (Fig. 2A was taken from Downar et al., 2001). (B) Dorsal and ventral fronto-
parietal networks involved in attentional control processes. The dorsal network is displayed in blue, the ventral
one, which is assumed to be important in detection of salient behaviorally relevant stimuli, appears in yellow (Fig.
2B was taken from Corbetta & Shulman, 2002).

types of salient events (i.e., targets, distractors and novels) presented in the oddball
paradigm, which were consistently observed in both the auditory, visual and tactile
modality and occurred similarly across gender and age (Kiehl et al., 2005a). Among
them were the temporoparietal junction [Abbr. TPJ], which comprises the posterior
superior temporal gyrus and adjacent parts of the supramarginal gyrus, the
intraparietal lobe, superior and middle frontal gyri, inferior frontal gyrus and anterior
insular cortex as well as anterior cingulate and the supplementary motor area [Abbr.
SMA] (cf., Fig. 2A, this page). Especially the TPJ has been assigned the decisive role
within a general alerting system, which also includes parts of the inferior frontal
cortex (cf., Corbetta & Shulman, 2002; see also: Fig. 2B, this page). This ventral
frontoparietal system has been assumed to provide a reflexive circuit-breaking
function that is thought to interrupt ongoing goal-directed cognitive activity in dorsal
frontoparietal areas (i.e., the intraparietal and superior frontal cortex) upon detection
of salient events, especially when the salient event is considered as behaviorally
relevant, and may therefore be assumed to be an important neural correlate if
stimulus salience. Still, the individual roles of most of the remaining regions
observed within the framework of deviance detection in the oddball paradigm remain
to be elucidated. To date it is not even clear whether all of these regions are actually
necessary for successful task performance in the oddball-paradigm. Halgren and
Marinkovich (1996) proposed that the brain appears to adopt a strategy of engaging
many potentially useful brain regions despite the low probability that these regions

are actually necessary, which might however facilitate incidental learning,
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performance monitoring or contextual updating. This assumption has been supported
by observations made in subjects with focal lesions affecting some of the above
described regions, who were, despite circumscribed brain damage, still able to detect
target stimuli (e.g., Daffner et al., 2000). Nevertheless, the actual process of engaging
the distributed neuronal system has also been assumed to be reflexive and occurs
when the eliciting stimulus is salient, either due to its novelty or by manipulating
top—down processes like making it task-relevant (Kiehl et al., 2005a), which has been

termed “adaptive reflexive processing” (Kiehl et al., 2005a, pp. 899, 910).

So far, only a minority of oddball-studies reported orbitofrontal activity in response
to salient behaviorally relevant events (i.e., oddball-targets). For instance, one study,
dealing with olfactory change detection in a common oddball paradigm, reported
central OFC activity in association with the presentation of unexpected odor-deviants
(Sabri et al., 2005). Conversely, attended odor-deviants, which had to be counted by
the participants, activated right anterior OFC (Sabri et al., 2005). In addition, Clark et
al. (2001) found an orbitofrontal response in association with rare visual distractor
stimuli. Conversely, another study using visual stimuli observed a contrasting
activation pattern showing that the activation in the ventral prefrontal cortex — also
including the OFC - increased when participants processed high-frequency targets,
while decreasing target frequency led to a significant decline in activation (Casey et
al., 2001). These partly contrasting findings imply that the OFC may not be
considered as an essential part of the “adaptive reflexive processing network”, but
only comes into play when either goal-related changes or specific manipulations
within the task (e.g., stimulus changes within the olfactory modality) necessitate an
orbitofrontal involvement. As already has been outlined above, the OFC has been
assumed to be especially involved in the implementation of rapid changes in goal-
directed behavior and the reversal of stimulus-response associations. In the above
described study from my laboratory, which reported a posterior orbitofrontal
activation in association with a behaviorally relevant infrequent target event, Gruber
et al. (2006, in prep.) used a deviant color as a prospective memory target that was
presented exclusively in the shape task. This meant, that subjects had actually
prepared the stimulus-response mapping of the shape task and had to rapidly adjust
their behavioral goal (and also reverse the stimulus-response association) towards the

infrequent target event presented in the currently irrelevant stimulus dimension color.
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In contrast, the common oddball task simply requires subjects to make a yes-no
decision (i.e., press target button if target stimulus appears and withhold response if a
stimulus other than a target is detected). For that reason, in the oddball task the best
strategy may be, to simply focus on infrequent target appearance, while ignoring the
remaining frequently occurring standard and infrequently presented distractor or
novel events. Thus, the oddball task does not necessitate a reversal of the actual
behavioral goal (target-detection) and the associated response, because the infrequent
targets always require an identical response and the behavioral goal never changes
throughout the task, which means, that even though the oddball paradigm includes
salient events (i.e., unpredicted infrequent events), these events are not behaviorally

relevant in the sense, that they require an actual context-sensitive adjustment of

behavior. Instead, the oddball paradigm measures the inidvidual’s response initiation
ability to target events that are presented infrequently and therefore commonly does

not lead to an activation of the (posterior) OFC.

4. Rationale of the present study

The introduction largely dealt with orbitofrontal function within the framework of
reward processing and motivated behavior. It further highlighted the important role
of the OFC in flexible coding of relative reward value and rapid reversal-learning,
giving us a hint as to how the OFC implements context-sensitive and adaptive
decision-making. In addition, the introduction also illustrated that the OFC cannot be
assumed to be exclusively responsive to rewarding events, as this cortical region
exhibited significant responses to other salient behaviorally relevant events. For
instance, low-frequency events that required an adjustment in goal-directed behavior
have been shown to activate the posterior OFC (Gruber et al., 2006, in prep.; see
also: Fig. 3A, p. 28). Interestingly, similar parts of the posterior OFC have been also
implicated in context-dependent reward processing (Elliott et al., 2000a; Morris &
Dolan, 2001; Gottfried et al. 2003; see also: Fig. 3F, 3C, 3B, p. 28), processing of
motivationally meaningful events, regardless of their actual valence (Breiter et al.,
2001; Elliott et al.; 2003; see also: Fig. 3E, p. 28), as well as other forms of arousing
stimuli without a reward association (e.g., Petrides et al., 2002; Schnider et al., 2005;
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Figure 3: A selection of studies showing posterior orbitofrontal activations in association with different
forms of salient (behaviorally relevant) events. (A) evoked by infrequent behaviorally relevant events that
required a behavioral adjustment displayed on the MNI-template in radiological convention [Abbr. RC]; (B)
sensitive to reinforcer devaluation by satiety; MNI-template in neurological convention [Abbr. NC]; (C) positive
correlation with subjective hunger ratings; representative subject, in NC; (D) evoked by uncertainty during
guessing; MNI-template, in NC; (E) responsive to both highest and lowest reward value; n/a, in NC; (F) activated
during both reward in a winning streak and penalty during increasing loss; standard MRI-template (n/a), in RC;
(G) activated by deviance detection; displayed on a reconstruction of ventral brain surface. All figures were taken
from the respective study indicated below the particular figure.

see also: Fig. 3G & 3D, this page). In line with these prior observations, in the
present study it was hypothesized that the posterior OFC subserves a neural
mechanism that is involved in the evaluation and identification of salient
behaviorally relevant events in general, which does not emerge exclusively in the
context of reward and positive reinforcement, but whenever a salient event occurs,
that is also behaviorally relevant. This mechanism would allow for the rapid

adjustment of behavior towards or away from all kinds of behaviorally relevant or

motivationally significant salient events and would probably guarantee behavioral
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flexibility, which ensures survival. Accordingly, the present thesis was intended to
disentangle whether rewards and other forms of salient behaviorally relevant events
are processed by an identical subarea of the OFC (i.e., by its posterior part) or
whether they are coded separately within the OFC. For that purpose, the exact nature
of the behavioral relevance of experimental events was systematically varied over the
course of our experiment. This allowed for a direct comparison of the neural
mechanisms involved in the processing of biologically significant events that
signaled the chance to gain a reward, with neural responses to low-frequency events
(i.e., oddballs) that required an adaptation of motor-behavior (in form of a button-
press) without being rewarded. To my knowledge, so far this is the first investigation
that directly compared the orbitofrontal responses elicited by rewarded events with
the orbitofrontal response to other forms of salient behaviorally relevant events
presented within a single study.

4.1 Working hypotheses

The first but minor goal of this study was to replicate the imaging findings made in
the previous study by Gruber et al. (2006, in prep.). This previous study had used a
three-session design in which the salience (frequency) and the behavioral relevance
of an oddball event (i.e., a white color in the shape task) were systematically varied
over the course of three experimental sessions. Accordingly, the presented visual
oddballs were either infrequent, but irrelevant for the behavioral response to be given
and had to be ignored (in session 1), infrequent and behaviorally relevant (in session
2) or frequent and behaviorally relevant (in session 3).

The current study was intended to replicate the orbitofrontal activation that had
occurred exclusively in the context of session 2 by making use of a one-session
design (see below). Such a one-session design had the advantage that irrelevant and
behaviorally relevant infrequent oddballs were presented together in the same
session, which ruled out the possibility that the orbitofrontal activation, which had
been detected in session 2 of the previous study, may be simply explained by a
reversal-learning process taking place when subjects had to change the behavior from
session 1, in which the white color had to be ignored, to session 2, in which the same
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white oddball event became a prospective memory target that was also response
relevant.

The first working hypothesis (1) therefore was:

(1) Behaviorally relevant infrequent oddballs induce a significant

increase in orbitofrontal activity.

The second but major goal of this study was to examine whether the posterior OFC
subserves a general function in the processing of salient behaviorally relevant events.
The prediction was that events with a positive reward association and other
behaviorally relevant salient events, that required a behavioral adjustment, but lacked
an association with a reward, would be represented by an identical orbitofrontal
subarea (see above described rationale of the study). This prediction led to the

second and major working hypothesis (2) and its respective alternative (2A):

(2) Both forms of behaviorally relevant events (i.e., infrequent events
that require a behavioral adjustment and events with a reward
association) induce a significant increase in activation within an

identical orbitofrontal subarea.

(2A) Both forms of behaviorally relevant events are coded separately
within the OFC.

In the following section the methodological background of the current study will be
outlined. In this section it will be also explained why the respective methods were

preferentially chosen to test the above-named hypotheses.
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1VV. Material and Methods

1. A brief introduction to the principles of (functional) magnetic resonance

imaging

Magnetic resonance arises from the interaction of an applied magnetic field with
nuclei having a magnetic moment. Atomic nuclei (e.g., *H) with a nuclear spin (i.e.,
the basic feature of elementary particles rotating about their center) can behave as
simple magnetic dipoles, which can assume either a high-energy state (i.e., behaving
as if they are oriented against the applied field) or a low-energy state (i.e., oriented
with the applied magnetic field). Transitions between the two energy states are
accompanied by an absorption or an emission of energy in the radiofrequency range.
Since the frequency of the energy emitted by an excited nucleus is proportional to the
magnetic field experienced and the precise relation between the resonance frequency
and the applied magnetic field differs for individual nuclei, magnetic resonance
imaging systems can be calibrated to detect specific types of nuclei. The spatial
localization of resonating nuclei is achieved through the application of small
magnetic field gradients. These gradients are superimposed on a larger homogeneous
static magnetic field of the imaging magnet of the scanner. Differences in resonance
frequency (and also phase) of nuclei allow the measurement of the relative positions
of molecules along the smaller gradient field. This is possible, because the resonance
frequency of a nucleus in a compound is proportional to the applied field strength
(see above), which in this case is represented by the sum of the large static field of
the magnet and the smaller field of the gradient coil (cf., Jezzard & Clare, 2002;
Matthews, 2002; Weishaupt et al., 2006).

The image contrast generated in MRI — and therefore the brain components
highlighted in the actual image — depends on the relaxation time measured. After an
excitation pulse the spins of the excited protons rotate in the XY-plane, which is
called transversal magnetization. This causes the MR-signal. There are two
independent processes which lead to a reduction in the magnetization and the MR-
signal until the initial state before excitation is actually reached. While T1 is called
the longitudinal relaxation time which results from spins that emit energy to the
environment to return to their original orientation (i.e., become aligned with the

longitudinal direction of the static magnetic field), T2 and T2* are independent
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components of the transversal relaxation time, which are characterized by a loss of
transversal magnetization resulting from the spins becoming out-of-phase. The T2
relaxation time is the component, which is characterized by a spin-spin-interaction
independent from the strength of the magnetic field. In this case spins become out-
of-phase due to changes in their precession caused by the interaction with other
spins. The T2* relaxation time however depends on constant inhomogeneities of the
applied static magnetic field caused by the scanner and the human body, leading to
dephasing of spins. In sum, the T1 relaxation time of a certain kind of tissue
determines how fast nuclear spins “recover” from the excitation, while the T2 and
the T2* relaxation time mainly define how fast the MR-signal and therefore the
transverse magnetization decays after excitation. What actually formed the basis for
the functional images acquired in the current fMRI study was the so called Blood
Oxygenation Level Dependent [Abbr. BOLD] response which is based on a contrast
that arises from changes in the local “magnetic susceptibility” (i.e., the distortion of
the applied magnetic field exerted by the interaction with a material). The ‘material’
leading to this distortion was the degree to which hemoglobin was deoxygenated (cf.,
Jezzard & Clare, 2002; Matthews, 2002; Weishaupt et al., 2003). In the next section
the physiological and physical processes causing the BOLD signal will be described

in further detail.

1.1 The physiological basis of the BOLD signal

In the brain one way of information processing is through axons, which transfer
information by electrical conduction (through action potentials). The action potential
triggers the release of neurotransmitters at synapses. These neurotransmitter
molecules then interact with specific receptors on the post-synaptic target neuron,
which leads to changes in the membrane potential and alters depolarisation frequency
either making the neuron more sensitive (excitatory effect) or nonsensitive
(inhibitory effect) for an action potential (cf., Thompson, 2001). Neurotransmitter
release is accompanied by metabolic changes in neurons and glia cells that require a
certain amount of energy used around or in the synapses. Energy production comes
along with a greater local demand for oxygen (oxidative metabolism) which also

leads to an increased local blood flow (neuro-vascular coupling of cerebral blood
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flow and oxygenation), which is not restricted to the site of neural activity, but
occurs in a larger area. Thereby, the total increase in oxygen delivery exceeds the
increase in actual oxygen utilization. Nevertheless, increases in local cerebral blood
flow do not exclusively occur as a result of an increase in actual oxygen demand, but
there are other interacting mechanisms also responsible for blood flow regulation in
the brain (e.g., hormonal or myogenic mechanisms, cf., Matthews, 2002). For
instance, some recent studies point to an important role of neurotransmitter-related
signalling as driving hemodynamic responses (for a critical review please see:
Attwell & ladecola, 2002).

Regardless of this ongoing discussion on the fundamental mechanisms, thought to
underlie the actual regulation of the local cerebral blood flow, it still remains the
local increase in both cerebral blood flow and total oxygen delivery exceeding the
increase in actual oxygen utilization which provides the basis for the imaging
contrast that is measured in fMRI. The BOLD fMRI contrast arises from the ratio of
oxy- to deoxyhemoglobin in local draining venules and veins that accompany neural
activation (Ogawa et al., 1993; see also: Matthews, 2002). When bound to oxygen,
hemoglobin has the attribute of being diamagnetic, making it a sensitive marker to
the level of blood oxygenation, while deoxygenated blood has been shown to be
paramagnetic due to its four unpaired electrons (Pauling & Coryell, 1936; see also:
Weishaupt et al. 2003). This difference influences the magnetic flux in the respective
material with the effect that magnetic flux is reduced in a diamagnetic material and
increased in paramagnetic material attracting the applied magnetic field. Local
distortions of a magnetic field are therefore changed by a change in hemoglobin
oxygenation. A decrease in the oxygenation level of blood (which is more
specifically an increase in the level of deoxyhemoglobin) leads to a variation in the
magnetic field across a volume element [Abbr. voxel], which causes signal
dephasing and for that reason leads to a decrease in the T2* relaxation time, resulting
in slightly lower signal in a T2*-weighted image. The T2 of blood decreases also, but
to a lesser extent. The reverse is true for a rising level in blood oxygenation, due to
increased perfusion of oxygenated blood following neural activation, leading to a
higher signal in a T2*-weighted image. The fMRI BOLD- response is a mainly
positive signal change, representing a decrease in the concentration of
deoxyhemoglobin and can for that reason be detected in a T2*-weighted image (cf.,
Jezzard & Clare, 2002; Matthews, 2002). The time course of the BOLD response in
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Figure 4: Schematic representation of the common features of the fMRI BOLD
response to a period of neuronal stimulation (Fig. 4 was taken from Hoge & Pike,
2002).

activation is complex (cf., Fig. 4, this page). The actual increase in blood flow of
about 50-70% normally occurs 2-5 s following neural stimulation and peaks at 5-8 s.
The accompanying rise in the oxyhemoglobin/ deoxyhemoglobin ratio yields a
robust ‘positive BOLD response’ in the gradient echo image (e.g., 2-3 % signal
change at 1.5 Tesla). After stimulus cessation, synaptic activity decreases, which lets
blood flow decay back to baseline (cf., Matthews, 2002; Hoge & Pike, 2002).

In sum, the fundamental characteristics of the BOLD fMRI response are useful for
the identification of activation-related changes in gray matter and synaptic and/ or
dendritic activity in particular. However, the BOLD fMRI response is mainly an
indirect measure of neuronal activity even though under some circumstances there
should also be a direct relationship between neuronal discharge rate and the

magnitude of the BOLD response (Rees et al., 2000; see also: Matthews, 2002).

1.2 Spatial & temporal resolution in MRI

The fact that the region of blood perfusion increase may be somewhat larger and
distant from the actual site of neural activity leads to limitations in spatial resolution
of MR images, in that the actual spatial resolution of the MR map may not be greater
than 2-3 mm. Further, due to the physiological properties of the BOLD signal (i.e., a
brief neural event lasting only less than a millisecond leads to BOLD signal change

which peaks after about 6 s and returns to baseline over more than 12 s), the actual
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temporal resolution is also limited, even though the actual MR images can be
obtained quite fast (e.g., in 10 frames per second). For that reason, deconvolution
methods are needed for the differentiation of events in event-related fMRI-designs
(cf., Jezzard & Clare, 2002).

1.3 Event-related fMRI

With event-related [Abbr. ER] fMRI it becomes possible to parallel behavioral
studies with fMRI (cf., Rosen et al. 1998). The separation of rapidly occurring
neuronal events is thereby possible, even if the hemodynamic responses they elicit
overlapped, because the hemodynamic response has been shown to summate in a
roughly linear fashion over time (Boynton et al. 1996; Dale & Buckner 1997).
Further, it appears that the hemodynamic response is reasonably stable across
subjects (e.g., 72% of the variance of the shape of one subject’s response could be
predicted, on average, by any other subject; Buckner et al. 1998). The huge
advantage of ER-fMRI thereby is that it allows for the analysis of effects which are
not stable (e.g., novelty effects) or which cannot be tested in a block-design (e.g.,
infrequency effects; Buckner, 1998). For that reason, ER-fMRI was the method of
choice applied in the current study.

2. Data basis

This study was originally based on the fMRI-data and the behavioral data (i.e.,
reaction times and rates of correct responses) of 12 healthy right-handed subjects
(mean age = 24.3 years; SD = 3.4 years; age range = 21 — 32 years) who had to
execute a neuropsychological experiment. An equal number of female and male
participants was deliberately included in order to avoid any gender-specific effects to
confound with the neural response. After application of the exclusion criteria 10
subjects (5f, 5m) remained in the sample.

Before the actual neuropsychological experiment took place, two general
questionnaires acquired data on medication status, intake of stimulative drugs (e.g.,

alcohol) prior to the investigation as well as on general contraindications for
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participation in an fMRI study. This revealed that five of the six female subjects took
oral contraceptives on a regular basis, while one male subject took antihistaminic
treatment on the morning prior to investigation. In addition, two male subjects were
smokers on a regular basis (last nicotine-consumption 2 hours and 4 hours before the
investigation), while one female participant indicated that she had smoked the last
cigarette 10 hours before coming to the university hospital. The latter participant also
reported slight alcohol-intake on the evening prior to investigation (approximately 10
hours before arrival at the institute). Finally, three participants also reported that they
drank coffee, but no less than 3 hours before coming to the lab.

The data basis was further complemented by two standard psychological

questionnaires assessing different personality characteristics (see below).

3. Location and date of the study

The study was carried out on a 3-Tesla MRI Scanner (Siemens MRT Allegra;
Siemens, Germany) at the Brain Imaging Center [Abbr. BIC] in Frankfurt/ Main
during two days of a weekend (the 16™ and 17" of July, 2005).

4. Course of examination

Subjects were recruited from an academic environment either by word of mouth
advertisement or by advertisements on the blackboards of the University of Frankfurt
and the Saarland University Hospital in Homburg. They were provided with an initial
description of the study (i.e., course of the examination, expected duration of
scanning procedure, requirements) and were further informed about the purpose of
the research project. Participants were also guaranteed a general payment of € 25 for
participation with the additional chance to win the amount of € 50 depending on their
overall performance (see below: Description of the experimental paradigm). After
providing subjects with this information subjects were asked whether they wanted to
participate. On agreement on participation participants, gave written informed
consent and were told that participation was totally voluntary and that they were free

to finish the experiment at any point (e.g., when they did not feel well in the
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scanner), which did not affect their final payment of € 25. Subjects were further
guaranteed that the data acquired in this study would be treated confidentially
according to the guidelines of data protection.

Participants were trained in the week before the experiment at a normal personal
computer [Abbr. PC] outside of the scanner and also got the chance to familiarize
themselves with the button box in the scanner before the actual neuropsychological
experiment took place. In addition, they filled in two personality questionnaires,
which are described in further detail below, and answered two general
questionnaires. The first general questionnaire included questions about subjects’
age, gender, handedness, coffee or alcohol consumption within 12 hours before the
study, medication status (i.e., whether they took any medication on a regular basis)
and whether they were smokers or non-smokers, while the second one assessed any
general contra-indications for participation in an fMRI-study (e.g., metal implants,
pregnancy, cardiac pace-maker). None of the 12 participants fulfilled any of the
contra-indications for participation in an fMRI-study and therefore everybody was
tested with the neuropsychological paradigm in the MRI-scanner. The scan started
with a structural scanning sequence to get a full brain-volume of subjects’ individual
anatomy for approximately 8 minutes, before the actual experiment began (for a
more detailed description of the scanning procedure please see below). The
psychological experiment was subdivided into 3 fMRI scans and subjects had two
breaks to allow for a short rest. A break lasted approximately 1 to 5 minutes and
ended on subjects’ demand. Besides these breaks, subjects also got the chance to
press a pneumatic bulb whenever they wanted to finish the experiment. However,

none of them discontinued the experiment before it actually ended.

5. Exclusion criteria

Subjects could be excluded from the study for different reasons. Firstly, any previous
or prevailing mental illness did not allow for the participation in the current study.
Secondly, brain injury, operation or trauma in the past also led to an immediate
exclusion from the study as these events may have led to considerable tissue damage
that could have interfered with the normal metabolism or blood flow in the brain and

could have led to regional changes in neural responsiveness. Thirdly, during fMRI-
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data acquisition in the scanner extensive head motion also led to exclusion from
further analysis as motion-related artifacts could have confounded with the
experimentally manipulated brain activation. Finally, subjects with error rates on
more than 15% of all experimental trials also had to be excluded from further
analysis, as error-related activations could have also confounded with regional brain
activation.

Since the participants were recruited from the population of university undergraduate
and graduate students, none of them had to be excluded for any of the first two
exclusion criteria. Application of criterion three and four still led to the exclusion of
two participants after scanning, who nevertheless got the full payment of € 25 for
participation. One participant had to be discarded from analysis due to bad
performance (i.e., errors in more than 15% of all trials), while the other person
showed extraordinary head motion during the scanning procedure (more than 3mm

over the course of the experiment) when compared to the other subjects.

6. Acquisition of the psychological study-parameters

The psychological examination included both a paper-and-pencil measurement with
two conventional psychological questionnaires and the actual neuropsychological
experiment in the MRI-scanner, which was invented for testing the two working

hypotheses presented above.

6.1 Psychological Questionnaires

In order to assess subjects’ personality profiles and their competitiveness two
psychological questionnaires were administered in the week before the experiment.
The first one was a modified German version of Cloninger’s Temperament and
Character Inventory [Abbr. TCI] (Richter et al., 1999), while the second one was the
Competitiveness Index [Abbr. CI] by Houston et al. (1992), which was translated
form English into German.
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6.1.1 The Temperament and Character Inventory (TCI)

The TCI has been developed as a test, which explores inter-individual differences in
the basic dimensions of temperament and character (e.g., Cloninger, 1987; Cloninger
et al., 1993). The four temperament traits (i.e., novelty seeking, harm avoidance,
reward dependence and persistence) have been defined as automatic emotional
reactions to everyday experiences, which are considered to be heritable and appear to
be relatively stable throughout life.

The trait novelty seeking has been characterized as underlying a behavioral
activation system controlled by dopamine. This trait is therefore thought to be
associated with a differential responsiveness to novel stimuli as well as a differential
approach-behavior towards signals of reward and withdrawal-behavior to avoid
punishment. Individuals with scores higher than average are assumed to be
impulsive, quick-tempered, extravagant, and disorderly, while people with low
scores are supposed to be rigid, stoical, frugal, and orderly. In contrast, the trait
harm avoidance is the expression of the system of behavioral inhibition, which also
includes reactions to reward signals and has been supposed to be mainly dominated
by the serotonin system. High scores are characterized by fearful, pessimistic, shy,
and fatigable behavior, low scorers are supposed to be risk-taking, optimistic,
outgoing, and vigorous. The system, which has been associated with maintenance of
behavior without further reinforcement and which is supposedly based on
noradrenergic effects, is expressed by the traits of reward dependence and
persistence. High reward dependence scores are presumably associated with
approval seeking, whereas individuals that are low in this trait are supposed to be
detached. Individuals who are high in persistence are characterized by being
determined, perfectionist and overachievers (for a more comprehensive outline
please see: Richter et al., 1999).

The general characterization of the personality profile with the TCI is based on both
the dimensional and the categorical description of the individual. For personality
categorization the TCI-percent-rank-values of each dimension have been divided into
three groups (i.e., low = 0-33%; average = 34-66% and high = 67-100%). While
individuals with either high or low values on one personality dimension are supposed
to be typical in their behavioral patterns, those with near average values are rather

assumed to show unstable behavioral reaction and behave rather atypical. To date a
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population-validated categorization of individuals is only possible for novelty
seeking, reward dependence and harm avoidance. The three traits allow for a
typology that includes a flexible type together with 8 extreme types that have been
proposed to represent 33% of the population (i.e., ~3.7% each), while the remaining
8 alleviated types represent 67% of the population (Richter et al., 1999). For further
test-theoretical concerns (e.g., construction of TClI-scores, reliability and validity
indicators, German norm-population) the interested reader may refer to the German
version of the TCI (cf., Richter et al. 1999), as a more detailed description would be
beyond the rationale of this thesis.

In contrast to the four temperament dimensions, the three character dimensions of the
TCI (self-directedness, cooperativeness and self-transcendence) have been assumed
to be rather influenced by sociocultural learning and mature throughout the life cycle.
The character dimensions are important with regard to the clinical population,
because they are essential for evaluating degree of maturity in the regulation of

emotional conflicts (cf., Cloninger et al., 1993; Richter et al., 1999).

For the purpose of the current study, it was decided to exclusively assess the four
temperament dimensions of the TCI, because the subject under investigation (i.e., the
neural correlates of reactions to different forms of behaviorally relevant events) was
assumed to recur on a rather basic and phylogenetically old behavioral capability that
presumably recurs on the diverse behavioral and neurotransmitter systems that are
supposed to underlie the overt TCI-temperament traits (i.e., the systems of behavioral
activation, behavioral inhibition and persistence; see above). Inter-individual
differences in temperament could therefore have represented a serious confound as
temperament could have differentially affected behavioral performance and/ or the
neurophysiological response in different subjects, even when performing the same
experimental task. The assessment of the TCI temperament traits therefore provided
the opportunity to control for strong inter-individual differences in TCI-temperament
dimensions, in order to get a sample with an overall average score and would have

even allowed me to exclude participants with extreme profiles, if necessary.
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6.1.2 The Competitiveness Index (CI)

The ClI by Houston et al. (1992) consists of 20 true-false items concerning
interpersonal competitiveness in everyday social contexts and has a high internal
consistency (Cronbach’s alpha = 0.90). The assessment of the individual
competitiveness score is based on a norm-sample of approximately 500 US-
American undergraduates. Accordingly, the assumed population-mean is 9.52 (SD =
4.62) for women and 12.06 (SD = 4.88) for men, respectively. CI scores of 14 or
above for women and 15 or above for men are considered as high, while low scores
start at 6 for women and 7 for men.

The CI was administered to participants in order to test for inter-individual
differences in competitiveness, which could have again affected behavioral effort and
performance in the neuropsychological experiment.

6.2 Neuropsychological test procedure - Description of the experimental design

In the present study subjects underwent fMRI while performing a cue task switching
paradigm in which they had to respond to either the color or the shape of abstract
geometric objects. The paradigm was structured quite similar to the previously
employed paradigm (Gruber et al., 2006, in prep.), but also included new aspects (a
one-session design was employed which further also included events with a reward
association).

Within the task switching paradigm two different objects were presented that
appeared in one out of four different colors. The two shapes and two of the colors
(i.e., the colors red and blue) were mapped to the same manual response-buttons
throughout the whole experiment and could occur in both the color and the shape
task. In contrast, the third and the fourth color (white and yellow) were presented as
infrequent oddball-colors and appeared exclusively in the shape task. One of these
colors had to be completely ignored (oddball 1), while the other one required
subjects to reverse the initially prepared stimulus-response mapping and instead use a
third response button (oddball 2; see also: below). Bivalent stimuli were presented in
order to keep up subjects’ attention and create an experimental situation in which

subjects were engaged in goal-directed behavior on every trial. Further, subjects were
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occasionally required to adjust their task goal to the unexpected occurrence of an
infrequent deviant color in the shape task (oddball 2). As only one of the stimulus-
dimensions was response-relevant within a single trial most of the target-stimuli
could either be congruent (i.e., both the relevant and the irrelevant dimension were
mapped to the same response button) or incongruent (i.e., the two stimulus-
dimensions were mapped to different response buttons).

Since the major aim of the present study was to reveal neural responses associated
with different types of behaviorally relevant salient events, that were attributable to
either a reward association or to the active behavioral adjustment towards a low-
frequency event which was however not associated with a reward (i.e., behavioral
relevance through a manual response), | systematically varied the behavioral

relevance and the reward association of experimental events by using a strictly

factorial design:
In all, four different types of “critical low-frequency (color) events” were
presented in the shape task, which occurred with an equally low frequency (~ 3,6%
of all trials). These four critical events in the shape task were:
A) Oddball 1.1: rare color white, rewarded and response irrelevant (40 trials)
B) Oddball 1.2: rare color white, not rewarded and response irrelevant (40 trials)
C) Oddball 2.1: rare color yellow, rewarded and response relevant (required a
different button press) (40 trials)

D) Oddball 2.2: rare color yellow, not rewarded and response relevant (required

a different button press) (40 trials)
Deviant events were always presented in the currently irrelevant stimulus dimension
color and had to be treated by the subjects as follows: While the two response-
relevant oddball events (2.1 and 2.2) required subjects to ignore the shape dimension

and switch from the already prepared shape task set to the color dimension and the
oddball task set to execute the respective manual response (cf., Fig. 5, p. 43), the
remaining two oddball events (1.1 and 1.2) had to be ignored. Instead, participants
had to respond according to the respective shape of the object. Further, 50% of the
oddball events (1.1 and 2.1) were associated with the chance to gain a reward for
correct and fast performance. This was also the case for half of the remaining

experimental trials, which were also associated with a reward for correct

performance. Therefore, reward was no low-frequency event in itself (i.e., 50% of all

trials were associated with the chance to gain a reward), but could occur in
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Response

Stimulus

_ response-relevant
infrequent stimulus

Cue

correct response is
(Shape trial rewarded) — associated with reward

Response

: response-irrelevant
Stimulus _ infrequent stimulus

Cue
(Shape trial unrewarded)

_ correct response is not
rewarded

Figure 5: Example of experimental trial sequence.

association with one. With regard to rewarded trials, it was decided to refrain from
giving subjects an immediate feedback directly after response execution, as previous
studies had already revealed that subjects had been usually able to appraise their own
performance quite accurately (i.e., whether they committed an error or not). Instead,
reward was determined by a ranking-list of all participants, which was based on the
overall mean performance (i.e., mean reaction times and error rates) of individual
subjects in rewarded trials. Accordingly, the top three players with respect to their
performance in trials with a reward association won an additional award of € 50
each. This competitive setting was intended to create both the incentive for
optimization of performance in reward-trials and to keep up a constant arousal or
salience level with regard to the individual rewarded trials throughout the whole
experiment. Further, inclusion of all rewarded trials in a ranking-list was sought to

prevent subjects from counting the individual trials associated with a reward.
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In addition to the critical low-frequency

Color task

events, we also prespecified 80 “critical

congruent shape trials” half of which
€ ) . .
were also associated with reward for

correct performance. They were

associated with not associated with . . .
reward reward introduced to create a baseline condition
for the subsequent subtraction contrasts

Shape task assessing oddball effects, because

congruent trials were not assumed to
trigger an orienting reflex since they

were neither infrequent nor were they

expected to elicit a behavioral conflict

associated with not associated with
reward reward

as the response assigned to both the

Figure 6: Cues of color and shape task relevant and the irrelevant stimulus
dimension had to be executed with the
same response button. Additionally, “critical congruent trials” also allowed the
detection of the neural correlates of reward processing per se (i.e., reward associated
with an event of normal frequency that elicited no orienting reaction). However,
from subjects’ perspective these congruent shape trials did not differ from the
remaining congruent trials that occurred in the shape task. Further, these prespecified
congruent events — like the infrequent oddball events — were balanced with respect to
their preceding trials and were always cued as repeat trials (i.e., were always
preceded by a shape trial, which was congruent). For that reason, significant
differences in the BOLD response that were observed in the direct comparison
between different “critical events”, like for example in the comparison between
relevant oddballs and critical congruent trials (cf., Table 2, p. 61), were not a result
of the variation in preceding trials, but could exclusively be ascribed to the
conditions themselves. In addition, “critical congruent events” were positioned at
least 2 trials apart from oddball events, which further allowed for a quite similar
modulation of the BOLD response for all above described “critical events of
interest”.
Since a minor purpose of the current study was the replication of the results from a
previous study (Gruber et al., 2006, in prep.), the experimental trial structure was

created as similar as possible to that of the prior study. Accordingly, each trial had a
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duration of 1.75 s. At its beginning participants were instructed by a cue to either
respond to the color or the shape of abstract geometric target-objects. Additionally,
cues also informed participants about whether a trial was associated with the chance
to gain a reward contingent on performance or not. The task cue consisted of a white
frame (either a square-shaped frame for color or a diamond-shaped frame for shape;
both with equal side length as the diamond was simply a square rotated by 90°)
which surrounded either an Euro-symbol in its center (in trials with reward
association) or an abstract symbol, which consisted of the dissembled parts of the
Euro symbol (in trials that were not associated with a reward; cf., Fig. 6, p. 44). The
similarity of the visual cues — especially with respect to their visual complexity — was
deliberately chosen to avoid disparity in brain activation attributable to striking
differences in visual stimulation. Nevertheless, the cues still allowed a clear
distinction between the two tasks and the respective trial-reward association. The
task cue was presented for 500 ms on a black screen and was chosen pseudo-
randomly for each trial. Thus, the upcoming task was unpredictable for the subject,
as was the occurrence of an infrequent deviant. Cue-offset was followed by a blank-
screen-delay (i.e., a black default screen) for 250 ms before the target stimulus
appeared. Target stimuli were presented for a total duration of 750 ms and were
followed by another blank-screen-delay for 250 ms before the next trial began. The
response phase — starting with target-onset — lasted 1000 ms until the trial ended.
Responses made outside of this time-window were recorded as response omissions.

The beginning of each trial was synchronized with a new MRI scan. Altogether, the
experiment consisted of 1120 trials. In addition to the above-described 240 “critical
events of interest” the remaining trials consisted of 400 congruent and 160
incongruent trials in the shape task and 240 congruent and 80 incongruent trials in
the color task, which were counterbalanced and pseudorandomly interspersed
between the “critical events”. Color trials were included in the experiment with the
intent to keep up subjects’ constant attention as they were occasionally required to
switch to another stimulus dimension or had to respond to incongruent trials.
However the major focus of this thesis was on the prespecified “critical events” and
for that reason we won’t report any other activations but only those associated with

the “critical events of interest”.
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In order to avoid any neural

effects that might have been
associated with a differential
saliency of the oddball-colors

o white and yellow (i.e., stimulus-

specific effects), in half of the

; participants the color mapping
o~~~ described on page 31 was reversed
{ (i.e., irrelevant oddballs 1.1 and

1.2 were presented in yellow,
while  behaviorally  relevant

oddballs 2.1 and 2.2 appeared in

white). Subjects were randomly

Figure 7: Button box and the respective assigned to one of these mappings.

fingers used for execution of the manual

FeSDONSE. Moreover, different from the

previous study by Gruber et al.
(2006, in prep.) participants used both their left and right hand to respond to the
target stimuli (cf., Fig. 7, this page). Accordingly, in half the participants the
response to the behaviorally relevant oddballs had to be executed with the index
finger of the left hand while the standard responses (i.e., left manual response to the
color blue or the first object, right manual response to the color red or the second
object) had to be executed with the index and the middle finger of the right hand. The
remaining half of the participants responded to the relevant oddballs with the middle
finger of the right hand while the index finger of the left hand and the right index
finger were used for the frequent standard responses. This systematic variation of
manual response mapping was employed because we wanted to avoid any strongly
lateralized motor activations being associated with the additional button press with
respect to one of the response-relevant low-frequency events. Still, it was not feasible
to also use the third possible variation (i.e., left manual response with left index
finger, right response with right middle finger and additional button press as response
to infrequent deviant with right index finger) as this mapping probably would have
been counterintuitive and might have led to an overall increase in reaction times and/
or error rates, which would have been unfair for the respective participants regarding

their opportunity to win the additional € 50.
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Figure 8: Siemens MRT Allegra Scanner in BIC (Frankfurt/Main)
(Fig. 8 was taken from the official BIC-website: http://www.bic.uni-
frankfurt.de/).

The neuropsychological experiment was programmed with the Presentation software
(Version 9.20; Neurobehavioral Systems, Inc.; Albany, U S A) that controlled time
of stimulus presentations and recordings of reaction times, error and omission rates
both during initial training and in the scanner. As it was important for subjects to
perform as accurate and fast as possible, subjects were trained in the week before the
experiment on a PC outside the scanner for at least 567 trials and also got the chance
to become familiar with the response-box in the scanner. The training also pursued
the purpose to eliminate any novelty effects that might have been elicited by the

infrequent oddball colors.

7. Acquisition of the fMRI-data

The experiment was carried out in a 3-Tesla MRI scanner (Siemens MRT Allegra;
Siemens, Germany; see Fig. 8, this page) In an initial session, a high-resolution
structural scan (3-D MPRAGE) was obtained for each subject. Thirty axial slices
(voxel size 3 x 3 x 3 mm?, distance factor = 0.1) parallel to the AC-PC plane were
acquired in ascending direction after having obtained the structural T1-weighted 3-D
MPRAGE data set as the anatomic reference scan. The gradient EPI sequence (TR
1.75 s, TE 30 ms, flip angle 60°, field of view 195 mm, 65 x 65 matrix) acquired a

total of 1164 image volumes. Each run began with a fixation period including 8
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“dummy” volumes, which were subsequently discarded to also allow for T1
equilibration effects.

As already described above, stimulus presentations and recordings of reaction times,
error and omission rates were performed with the Presentation software. Stimuli
were back projected on a translucent screen, which participants viewed through a
mirror during the fMRI acquisition. The head was stabilized by small cushions to
avoid head movements during scanning. Triggering of the visual stimulation by the
scanner impulse during the functional data acquisition was also conducted through

the Presentation software.

8. Data analyses

In order to test for significant effects of experimental conditions both the behavioral

performance and the fMRI BOLD response were statistically analyzed.

8.1 Analyses of the behavioral data

Statistical analysis of the behavioral data was done using the software-package SPSS
for Windows (Version 13.0) by SPSS Inc. (2004).

After assessing the descriptive statistics, the distribution of the behavioral data was
assessed for a significant deviation from a gaussian normal distribution. For this
purpose, the Kolmogorov-Smirnov-Test was used assuming a significant deviation
from the normal distribution at P < 0.05 (cf., Lamprecht, 1999). As this test did not
reach statistical significance, the application of parametric tests was justified. In a
second step, the dependent variables reaction time and percent rate of correct
responses were examined with a two-way analysis of variance [Abbr. ANOVA] with
the two independent predictors reward association and experimental condition
treating subjects as a random effect. Error and omission trials were thereby excluded
from the reaction time analysis. The ANOVA is a parametric analysis that tests for
significant differences between the means of two or more groups. With more than
one independent predictor the factorial ANOVA also tests for interactions between
the predictors (cf., Kohler et al., 1996; Backhaus et al., 2000). However, even though
an ANOVA provides information on whether there is a significant difference
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between conditions, it does not show which conditions were significantly different
from each other. For this reason, performance differences between individual
conditions were assessed with a post-hoc t-test which was corrected for multiple
comparisons using the Bonferroni-correction. P-values are reported for a two-tailed t-
test without a directed hypothesis. Further, the effects of the respective oddball color
and the finger mappings on behavioral performance were also assessed in an

ANOVA with the two independent predictors oddball color and finger mapping.

8.2 Analyses of the fMRI data - Data preprocessing and statistical methods

The neuroimaging data were both preprocessed and analyzed using statistical
parametric mapping 2 [Abbr. SPM2] from the Wellcome Department of Cognitive
Neurology (London, UK), which is a voxel-based approach that permits the inference
on regionally specific responses to experimental factors (cf., Friston, 2003).
After an initial preparation of the functional images for preprocessing with SPM2,
the following steps were consecutively applied:
1. acoregistration of anatomical and functional images
2. image realignment and unwarping of functional images to the first functional
echo-planar image [Abbr. EPI] in order to reduce movement-related effects
a correction for slicetime acquisition differences
4. a normalization into standard stereotactic space (to the skull-stripped EPI
template provided by the Montreal Neurological Institute [Abbr. MNI]) and
5. spatial smoothing of the functional images with an isotropic Gaussian kernel
filter of 12 mm full-width half-maximum [Abbr. FWHM] in order to

facilitate inter-subject averaging.

8.2.1 Preparation of the images for preprocessing

After initial reorientation of the anatomical T1-image of each subject, which
prepared the T1 for its further use in SPM2, all images (i.e., both the T1 and all EPIs)
were flipped from the radiological to the neurological image orientation. The first 8

volumes from each scan were then discarded as these volumes only contained the
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fixation period and T1 equilibration effects which were of no interest for the further
analyses. The next consecutive step consisted of positioning the origin of the
coordinate system in the lowermost point on the cutting edge of the anterior
commisure (in the median-sagittal plane) as a reference point in both the T1 and the
first EPI of each subject, respectively. Positioning of the origin as a reference point
was needed for the subsequent coregistration of the T1-image on the first EPI (see
below). The remaining EPIs were also reoriented according to the orientation of the
first EPI.

8.2.2 Image preprocessing with SPM2

Spatial preprocessing usually comprises the following steps: coregistration,
realignment, correction of slicetime acquisition differences, normalization and
smoothing. The initial coregistration of the T1-anatomical images on the first EPI
was done to improve the subsequent normalization of the images to standard
stereotactic space. It was then followed by image realignment aiming to reduce
unwanted variance components induced by a subject’s movement during the whole
scanning, because changes in signal intensity over time can arise from head motion
confounding with experimentally induced activations (cf., Friston, 2003). Image
realignment for individual subjects was done on a reference scan (in this study the
first scan of the whole experiment) on which all other scans were realigned. During
realignment SPM2 created a mean image based on the functional images of each
participant. This image was needed for the later normalization procedure (see below).
Further correction for local distortion effects was also applied using the “realign and
unwrap” function.

The next procedure corrected for slice-time acquisition differences. In fMRI-studies
a whole brain volume consists of multiple slices (e.g., 30 slices in the current study),
which were acquired at slightly different time points. For that reason, temporal
realignment was used in order to ensure that the data from any given volume were
sampled at the same time (cf., Friston, 2003). In the current study, the 15" slice was
taken as reference slice on which the temporal interpolation was based.

To be able to assign an observed response to a particular brain structure, especially

when data from different subjects are compared, it is necessary that the data conform
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to an anatomical frame of reference (cf., Friston, 2003). Accordingly, the time-series
of images has to become realigned and mapped into some standard anatomical space
(e.g., the stereotactic space of Talairach and Tournoux). With regard to the current
study, all functional images from each subject were normalized to a voxel size of
3x3x3 mm on the skull-stripped SPM2 EPI-template into the standard reference-
space in SPM2 provided by the Montreal Neurological Institute using the mean
image of each subjects as source image. This allowed me to remove inter-individual
differences and enabled the subsequent analysis of the data from a group of
individuals.

Finally, the functional MRI data were spatially smoothed before they entered
statistical analysis. The current study used a high smoothing factor (FWHM = 12
mm) in order to be able to express substantial homologies in functional anatomy
derived from inter-subject averaging (for a detailed description please see: Friston,
2003).

8.2.3 Statistical analyses of the fMRI data with SPM2

For statistical analysis of the fMRI-data a general linear model [Abbr. GLM] in
combination with Gaussian Random Fields [Abbr. GRF] used to resolve the multiple
comparison problem, was applied to the time course of activation of each voxel. A
vector representing the temporal onset of stimulus presentation (for each stimulus
type) was then convolved with a canonical hemodynamic response function, in order
to produce a predicted hemodynamic response to each experimental condition.
Linear t-contrasts were defined for assessing the specific effects of each “critical
condition of interest”. The specific statistical t-contrasts that were calculated are
described in detail in the results section. SPM creates statistics by doing a separate
statistical analysis for each voxel in the brain volume (for a more elaborate outline on
the GLM and GRF used in SPM2 please see the related chapters in Frackowiak et al.,
2003). T-contrasts in SPM test against the nullhypothesis that there is no linear
relationship between an experimental variable and the voxel data, and that beta, the
slope of the line, will not be significantly different from zero. The t statistic is the
least squares estimate of the slope, divided by a measure of the error of the slope, and

is therefore an index of how far the slope differs from zero, considering the given
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error. Knowing the distribution of the t statistic, one can say that, for instance, with
10 degrees of freedom, by chance a t statistic of 7.96 or greater occurs 0.0006
percent of the time, if the nullhypothesis is true (i.e., the p value is 0.000006; see:
http://www.mrc-cbu.cam.ac.uk/Imaging/Common/spmstats. shtml).

In the first level event-related analysis 18 event types were defined (6 “critical
events of interest” and the 12 remaining events also including the 4 cue-events).
Event types were time-locked to condition onset (cue onset and target onset,
respectively). The resulting design matrix was used to test for brain activity changes
associated with the “critical events of interest” which occurred at different time
points in the course of the experiment.

Group effects were assessed by a second level random-effects analysis based on
single subject contrast images. Due to a priori hypothesis concerning the
orbitofrontal cortex, which has been already shown to be involved in the processing
of both infrequent events and rewarded events, the summary statistical parametric
maps were thresholded at P < 0.005, uncorrected for multiple comparisons (Friston,
1997), with a voxel extent greater than 10 voxels, if not otherwise reported. Based on
the previous study (Gruber et al., 2006, in prep.), activations in the *“adaptive
processing network” (e.g., in the temporoparietal junction, anterior insular cortices
and anterior cingulate; Kiehl et al., 2005a) were further predicted to occur in
subtraction contrasts testing for neural responses elicited by behaviorally relevant
oddballs. However, for the remaining regions the threshold, P < 0.005, uncorrected,
does not provide adequate protection against type | errors in the whole brain. For that
reason, these activations were mainly reported for completeness and required a
careful discussion.

Also for the purpose of the direct examination of the first working hypothesis,
which concerned the replication of the results of the previous study (Gruber et al.,
2006, in prep.) an additional statistical procedure was applied. By using an inclusive
masking procedure with the WFU-Pickatlas toolbox from the Wake Forest
University School of Medicine (Maldjian et al., 2003) the statistical analysis was
only restricted to comparisons being made within a subset of the brain volume (i.e.,
restricted to voxels within the mask). In order to create the mask, a contrast from the
previous study (Gruber et al., 2006, in prep.) was used which had removed the
confounding effect of behavioral relevance per se. Even though the currently applied

one-session design had certain advantages over a multiple-session design from the
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previous study (Gruber et al., 2006, in prep.), the one-session design also suffered
from the decisive disadvantage that it did not allow for a clear distinction of neural
activations that were exclusively attributable to the behavioral relevance per se
including the change in task set (i.e., the oddball-color indicated a change from the
shape task set to the oddball color task set) and the prepared stimulus-response
association, which was independent from the effect of infrequency, and those that
were exclusively attributable to the fact that an event was both infrequent and
behaviourally relevant. The previous study had solved this problem by presenting the
behaviorally relevant oddball color frequently in the shape task of the third session.
This had allowed Gruber et al. (2006, in prep.) to calculate a contrast, which
combined the direct subtraction contrasts of:

1. [behaviorally relevant infrequent events (session 2) - irrelevant infrequent

events (session 1)] versus
2. [behaviorally relevant infrequent events (session 2) - behaviorally relevant
frequent events (session 3)].

In that way Gruber et al. (2006, in prep.) had been able to measure out both the mere
effect of infrequency attributable to both the low-frequency events presented in
sessions 1 and 2 and the effect of the behavioral relevance of events that required a
rapid behavioral adjustment, which occurred either infrequently in session 2 or
frequently in session 3. This allowed the interpretation that the remaining activations
indeed represented the pure interaction of behavioral relevance and infrequency,
which exclusively occurred in session 2 of their study. That means, that masking the
respective subtraction contrast from the current study (i.e., the contrast [behaviorally
relevant oddballs - irrelevant oddballs]) with that previous contrast, also allowed me
to infer that the presently observed activations were probably associated with the
mere interaction of infrequency and behavioral relevance.
Finally, the anatomic localization of the activations detected in the group analysis
was done by both making use of the aal-software by Tzourio-Mazoyer et al. (2002),
that allowed for an approximate automated anatomical labeling in SPM2, and the
anatomical atlas of the human brain by Duvernoy et al. (1999) with photographs of
the three-dimensional sectional anatomy of the post-mortem brains and MRI-based
pictures presented in the three sectional orientations (coronal, axial and sagittal). The
combination of both methods allowed a quite fine-grained anatomical labeling of the

detected local maxima.
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V. Results

1. Behavioral results

Mean reaction times [Abbr. RTs] and percentages of correct responses [Abbr. CRs]
were compared across different events of interest. Reward did not exhibit a
significant effect on overall performance (Fcrs = 1.92, P = 0.199; Frys = 0.001, P =
0.973; cf., Figs. 9 & 10, p. 55) and the interaction between reward and experimental
condition also did not reach statistical significance (Fcgrs = 1.57, P = 0.174; Fgrrs =
1.53, P = 0.187). Nevertheless, performance was significantly affected by
experimental condition (Fcrs = 8.61, P = 0.0001; Fgrys = 44.17, P = 0.0001).
Bonferroni-corrected post-hoc t-tests revealed individual condition effects. RTs were
significantly increased when subjects responded to behaviorally relevant infrequent
events when compared to both irrelevant oddballs (P = 0.0001) and critical congruent
events in the shape task (P = 0.0001; cf., Fig 9, p. 55). In addition, subjects
committed significantly more errors when they responded to response-relevant
oddballs compared with a critical congruent shape stimuli (P = 0.0001; see also: Fig.
10, p. 55) and there was also a trend for an increase in error rates when compared to
those trials including an irrelevant oddball (P = 0.094). However, ignoring the
infrequent deviant in the shape task and reorienting attention to the shape dimension
neither led to a significant increase in RTs (P = 0.669) nor in the rate of errors
committed (P = 1.0) when compared to performance in critical congruent shape
trials, even though subjects on average responded faster to critical congruent shape
trials (cf., Fig 9, p. 55) and made less errors when processing critical congruent shape
trials in comparison with irrelevant oddball trials (cf., Fig. 10, p.55).

In addition, there was a slight increase in overall RTs when the response-relevant
oddballs were white and the irrelevant infrequent stimuli were yellow (mean RTs
mapping | = 648.89 ms, SD = 48.70 ms) compared to the other mapping (mean RTs
mapping 1 = 629.82 ms, SD = 84.44 ms), which however did not reach statistical
significance (F = 2.40, P = 0.124). With regard to the rates of correct responses,
oddball-color mapping exhibited a significant effect on performance which lead to a
decrease in overall error rates when the relevant oddball was white (mean CRSmapping |
= 91.25%, SD = 9.23%; mean CRS mapping 1 = 94.70%, SD = 7.69%; F = 591, P =

0.016). These findings indicated an overall speed accuracy trade-off. That means that
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Figure 9: Oddball effect and effect of reward in the shape task I. Mean RTs and
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Figure 10: Oddball effect and effect of reward in the shape task Il. Mean percentage-
rates of correct responses and standard errors (n=10).

subjects with mapping 1 performed more slowly but also more accurately, while
subjects with the second mapping responded faster by committing significantly more
errors. In contrast, the two finger mappings (i.e., whether subjects responded with the
left index finger or the right middle finger to the response-relevant infrequent
stimulus) did not significantly influence behavioral performance (Frrs =1.31, P =
0.255; Fcrs = 0.838, P = 0.361). Finally, the interaction between finger and color
mapping also significantly affected performance, which was probably attributable to
the effect of color mapping (Fcrs = 14.644, P = 0.0001; Frrs = 5.01, P = 0.027).

With respect to the competition in the task-switching experiment, three male
participants showed the best overall performance according to the ranking position of
both their mean RTs and CRs and therefore won the additional award of € 50 each.
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Figure 11: Temperament dimensions of the TCI (Cloninger et al., 1993). Mean scores
and standard deviations of all participants (n=10).
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Figure 12: Gender differences in competitiveness. Mean scores and standard
deviations of the competitiveness-index (Houston et al. 1992) of all female subjects
(n=5), all male subjects (n=5) and all participants (n=10).

2. Personality profiles

The TCI- and Cl-scores showed a considerable variation across subjects (cf., Figs. 11
& 12, this page). However, the overall mean scores of the TCI-temperament
dimensions lay within the normal range (cf., Richter et al., 1999).

With regard to the CI, two females and one male subject showed a sub-average

score, while one male participant showed higher than average competitiveness, when
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categorizing individual Cl-scores with respect to the respective norm-population (see
also: Material and Methods, p. 41). The remaining participants exhibited Cl-scores
that lay within the normal range with males on average scoring higher than females,
even though this difference did not reach statistical significance (cf., Fig. 12, p.56).

3. FMRI results

The analyses of the imaging data pursued two goals. While the minor goal was a
replication of the results from the previous study by Gruber et al. (2006, in prep.), the
major goal was the comparison of different forms of biologically significant events
(i.e., events with a reward association and oddball events that required a behavioral
adjustment), with a particular focus on the associated orbitofrontal activations.

For replication purposes, firstly the separate contrasts for neural responses associated
with either response-irrelevant oddball events or behaviorally relevant oddballs
requiring a behavioral adjustment were calculated. Then different oddball events
were directly compared in order to reveal activations that were attributable to the
effect of behavioral relevance of infrequent events without being confounded by the
effect of infrequency per se. This comparison of behaviorally relevant oddballs with
irrelevant ones was further inclusively masked with a contrast from the prior study
by Gruber et al. (2006, in prep.), which allowed me to reveal activations that were
found to be exclusively associated with the interaction of infrequency and behavioral
relevance in the previous study, however, without being confounded by either effects
of infrequency or behavioral relevance per se (see also: Material and Methods, pp.
52).

In a second step, the separate contrasts for the reward events of interest were
calculated. These contrasts were sought to reveal activations that occurred in
association with either reward of critical congruent stimuli presented in the shape
task or reward of irrelevant oddball events.

Finally, direct subtraction-contrasts between events with a reward association (either
critical congruent trials with a reward association or irrelevant oddballs that were
associated with reward for correct performance) and behaviorally relevant oddballs
were calculated. These latter contrasts were intended to reveal significant differences

between neural responses associated with reward processing and those elicited by



Results 58

infrequent events that required a behavioral adaptation, but were however not

associated with a reward.

3.1 Effects of infrequent deviance and behavioral relevance of infrequency

In order to reveal those brain regions which were activated by either the presentation
of infrequent irrelevant deviants or by an infrequent event that was behaviorally
relevant (in this case the response-relevant oddball, that was not associated with the
chance to gain a reward) activations for the following three comparisons are
reported:
1.) [all trials with an irrelevant oddball stimulus without reward association —
congruent shape trials' without reward association],
2.) [all trials with a behaviorally relevant oddball without reward association —
congruent shape trials without reward association] and
3.) [all trials with a behaviorally relevant oddball without reward association —
all trials with an irrelevant oddball without reward association].
While the first subtraction-contrast was intended to reveal activations associated with
the sheer infrequency of an event that was irrelevant for the behavioral response to
be given (cf., Table 1, p. 59), the second one aimed at revealing neural activations
that were attributable to both the rareness of the event and its behavioral relevance
(i.e., the requirement for a behavioral adjustment) as well as the interaction between
these two stimulus-attributes (cf., Table 2, pp. 61). Finally, the third subtraction
contrast was sought to uncover activations that may be ascribed to the interaction of
behavioral relevance and rareness (cf., Table 3, pp. 64), but not to the effect of

infrequency per se.

3.1.1 Response-irrelevant infrequent stimuli vs. congruent shape stimuli

Activations associated with the effect of infrequency per se are listed in Table 1 (p.

59) and are further displayed on Figure 13A (p. 63). Irrelevant infrequent deviance

' In the remaining sections | will always refer to the prespecified “critical congruent shape trials”
(cf., Material & Methods, p. 44) as *“congruent shape trials” or ‘“shape congruency”, if not
indicated otherwise.
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Table 1: Neural activations evoked by irrelevant oddballs

Irrelevant oddballs without reward association vs. congruent shape trials

Statistical

Region MNI effects
coordinates

(T-value)
Frontal lobes
R superior frontal cortex 181557 3.63
L middle frontal gyrus/ inferior frontal sulcus -5424 33 3.91
R middle frontal gyrus 3939 36 4.87
R anterior orbital gyrus 3657-15 21242
R anterior medial orbital gyrus 2148-18 2.06"?
R posterior orbital gyrus 1821-21 2.69"
R pre-supplementary motor area/ supplementary motor area 31860 412
Parietal lobes
L intraparietal cortex -33-7251 272!
R intraparietal cortex 36 -60 39 3.90
Occipital lobes
L middle occipital cortex -30-93 3 5.38
R middle occipital cortex 30-90 12 5.90
R fusiform gyrus/ inferior occipital cortex 36 -63 -12 6.07
Cerebellum
R cerebellum 24 -33-27 3.62

If not indicated otherwise activations were thresholded at P<0.005, uncorrected; clustersize > 10 voxels
LActivation was thresholded at P<0.05, uncorrected
ZClustersize < 10 voxels

was associated with a significant activation in bilateral middle frontal gyri, right
superior frontal cortex and in the right pre-supplementary motor area [Abbr. pre-
SMA] partly extending into the SMA proper. In addition, activations in both right
and left intraparietal cortex were also observed, whereby the latter activation only
came up, when the statistical criterion was lowered to P < 0.05, uncorrected. Finally,
irrelevant oddballs also led to activations in bilateral extrastriate, right secondary
visual cortex and in the right cerebellum.

At the statistical threshold of P < 0.005, uncorrected, infrequency per se did not
activate the orbitofrontal cortex as it was already expected from the results of the
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previous study by Gruber et al. (2006, in prep.). Nevertheless, when lowering the
statistical threshold to P < 0.05, uncorrected, distinct orbitofrontal activations within
right posterior orbital gyrus, in the right anterior orbital gyrus and adjacent right
anterior medial orbital gyrus were detected. Interestingly, these clusters strongly
overlapped with the some of the orbitofrontal activations observed in the following
comparison between behaviorally relevant oddball events and congruent shape trials
(cf., Table 2, p. 61).

3.1.2 Behaviorally relevant infrequent stimuli vs. congruent shape stimuli

Activations associated with the effect of behaviorally relevant infrequent deviance
are listed in Table 2 (pp. 61) and are further displayed on Figure 13B (p. 63).
Behaviorally relevant oddballs led to significant bilateral activations in the posterior
orbital gyri and adjacent parts of the cortex along the H-shaped sulci, in the right
anterior orbitofrontal cortex as well as in left frontoopercular cortex and adjacent
parts of the posterior orbitofrontal cortex. Further, in the frontal lobe significant
activations were detected in the middle frontal gyrus on both sides and in the
superior frontal sulcus on the left. There was also a local maximum in the left pre-
SMA further extending into the SMA and a smaller cluster in the cingulate gyrus just
above the corpus callosum. Behaviorally relevant oddballs activated somatosensory
cortices in both hemispheres partly extending into parietal cortex. In addition,
significant activations were also found bilaterally in the intraparietal cortices as well
as in the right angular gyrus extending into supramarginal gyrus with a maximum in
the parietal subdivision of the TPJ, and the left precuneus exhibited two activation
maxima. In the temporal cortex a significant activation within the left TPJ was
further detected. Moreover, left middle and inferior temporal cortices also exhibited
significant activation clusters. In the right hemisphere significant activations were
detected in the inferior temporal cortex. Visual processing areas of the occipital
cortex on the left and on the right, the latter also extending into gyrus fusiformis,
were also activated by behaviorally relevant oddballs. Finally, the thalamus, the right
amygdala and adjacent gyrus ambiens and the right cerebellum also exhibited

significant activations.
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Table 2: Neural activations evoked by behaviorally relevant oddballs

Relevant oddball without reward association vs. congruent shape trials

Statistical
Region cooﬁg!\rlllates t;ftflzgt(;a
(T-value)
Frontal lobes
L superior frontal sulcus/ middle frontal gyrus 30 051 4.25
L middle frontal gyrus -54 18 39 4.95
R middle frontal gyrus/ inferior frontal sulcus 54 24 36 6.72
R anterior orbital gyrus 3957-12 3.84
L posterior orbital gyrus/ H-shaped sulcus -24 27 -21 4.33
R posterior orbital gyrus/ H-shaped sulcus 2121-21 5.07
L frontoopercular cortex/ lateral posterior orbitofrontal cortex -33183 3.44
L pre-supplementary motor area/ supplementary motor area -31860 7.33
R cingulate cortex 3-1530 381
Parietal lobes
L postcentral cortex -57-3354 4.87
L postcentral cortex -63-2124 4.84
R postcentral cortex 66 -12 36 5.54
R angular gyrus/ supramarginal gyrus (TPJ) 48 -51 33 4.71
L intraparietal cortex -33-7251 4.12
R intraparietal cortex 36-7248 3.75
L precuneus -9 -60 60 3.49
L precuneus -15-81 54 3.68
Temporal lobes
L posterior superior temporal gyrus (TPJ) -51-42 27 3.62"
L middle temporal gyrus/ superior temporal gyrus -57-60 6 3.63
L inferior temporal sulcus/ inferior temporal gyrus -51-36-21 3.65
R inferior temporal sulcus/ inferior temporal gyrus 60 -42 -15 5.63

If not indicated otherwise activations were thresholded at P<0.005, uncorrected; clustersize > 10 voxels
Clustersize < 10 voxels
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Table 2: continued

Relevant oddball without reward association vs. congruent shape trials

Statistical

Region MNI effects
coordinates

(T-value)
Occipital lobes
L inferior occipital cortex -9-105 -3 3.78
R inferior occipital cortex 21-69 3 3.72*
R inferior occipital cortex/ fusiform gyrus 36 -75-12 5.84
Deep gray nuclei
L thalamus -9-18 -3 3.59
R amygdala/ gyrus ambiens 33 9-27 3.74
Cerebellum
R cerebellum 39-42-33 5.67

If not indicated otherwise activations were thresholded at P<0.005, uncorrected; clustersize > 10 voxels
Clustersize < 10 voxels

3.1.3 Behaviorally relevant infrequent stimuli vs. irrelevant infrequent stimuli

This contrast was intended to reveal those regions that were selectively responsive to
the effect of behavioral relevance of infrequency without being confounded by the
effect of infrequency per se. In accordance with this assumption less cortical regions
were found to be activated than in the comparison reported before. Results are listed
in Table 3 (pp. 64) and displayed on Figure 13C (p. 63).

In this comparison significant BOLD responses associated with behaviorally relevant
infrequent stimuli in the shape task were detected in right posterior orbitofrontal
cortex as well as in bilateral frontoopercular cortices and neighboring posterior
orbitofrontal cortices. In addition, a local maximum within right anterior lateral OFC
was also observed in this comparison (cf., Fig. 14A, p. 67). Further, significant
activations were observed within the left insular cortex, in the postcentral cortex
bilaterally and in the left precuneus. The local maxima observed in the left and right
posterior superior temporal cortices were located within the TPJ. In the right
hemisphere a significant activations were further observed in the angular gyrus and

adjacent supramarginal gyrus, which was located the parietal part of the TPJ. In
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Figure 13: Oddball effects displayed on the rendered surface of the standard MNI-template at P<
0.005, uncorrected. (A) activations associated with irrelevant oddballs versus congruent shape trials; (B)
activations associated with behaviorally relevant oddballs versus congruent shape trials; (C) activations
associated with relevant oddballs versus irrelevant oddballs in the direct comparison of (B) minus (A).

addition, activations were found within left middle and inferior temporal cortices as
well as right superior temporal gyrus. Visual processing areas of inferior occipital
cortex and the cerebellar vermis were also activated by behavioral relevance of
infrequency. Finally, significant activations were also detected in the thalamus, the
left superior colliculus, the right amygdala. In addition, activation in the left
amygdala was only detected, when lowering the statistical criterion to P<0.05,
uncorrected.

In order to examine the first working hypothesis concerning the replication of the
results of the previous study from my laboratory, | also assessed whether the

currently observed activations, and in particular those in the OFC, were similar to
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Table 3: Neural activations evoked by different forms of behavioral relevance
Behaviorally relevant Irrelevant oddballs with Congruent shape trials with
oddballs vs. irrelevant reward association vs. reward association vs.
oddballs irrelevant oddballs congruent shape trials*
Statistical Statistical Statistical
Regions cool:gli\:}iites effects cool;gli\rl1lates effects cool:gli\rl1lzites effects
(T-value) (T-value) (T-value)

Frontal lobes

R anterior orbital gyrus 3054 -15 4.67 - - - -

L medial orbital gyrus - - -1536 -18 3581 -18 39 -18 5.54

R posterior olfactory sulcus/

posterior medial orbital - - 1824 -12 3.45 1821 -15 3.54

gyrus

R posterior orbital gyrus/ 2

gyrus ambiens 271827 6.07 ) ) ) )

L frontoopercular cortex/

lateral posterior -36 18 -3 523° - - - -

orbitofrontal cortex

R frontoopercular cortex/

lateral posterior 3021-9 4,042 - - - -

orbitofrontal cortex

L insular cortex -48 0 3 4.07 - - - -

Parietal lobes

L postcentral cortex -54 -33 57 3.60 -48 27 60 4.60 - -

L postcentral cortex -66 -18 27 14.75 2 -60 -3 15 4.30 - -

R postcentral cortex 66 -15 24 3.59 69 -15 27 4.56 69 -15 30 431

R angular gyrus/ 2

supramarginal gyrus (TPJ) 42-4827 4.99 ) B ) .

L precuneus -6 -54 63 3.74 - - - -

L precuneus -12 -75 60 4.48 - - - -

Temporal lobes

L superior temporal cortex - - -630-12 4.15 -630-9 3461

L posterior superior

temporal gyrus/ -54-4521 3.842 - - - -

supramarginal gyrus (TPJ)

R posterior superior 2

temporal gyrus (TPJ) S1-4224 4.40 ) . ) )

L posterior superior

temporal gyrus ) ) ) ) -66-159 424

R posterior superior - - 66 -27 18 431 69-279 430

temporal gyrus

If not indicated otherwise activations were thresholded at P<0.005, uncorrected; clustersize > 10 voxels
* All subtraction contrasts including congruent shape trials exclusively refer to the

prespecified “critical congruent shape trials”.
Clustersize < 10 voxels

2This local maximum also occurred when this contrast was inclusively masked (cf., Material and Methods, pp. 52).

3Activation was thresholded at P<0.05, uncorrected
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Table 3: continued
Behaviorally relevant Irrelevant oddballs with Congruent shape trials with
oddballs vs. irrelevant reward association vs. reward association vs.
oddballs irrelevant oddballs congruent shape trials*
Statistical Statistical Statistical
Regions cool:ﬂ!\rl]Ieites effects coomz\rlllates effects cool:ﬂ!\rl]Ieites effects
(T-value) (T-value) (T-value)
Temporal lobes
R superior temporal gyrus/
rolandic operculum ) ) ) ) 6693 5.02
R superior temporal gyrus 4518 -21 4.88 - - - -
L mld_dle temporal gyrus/ 63-60 6 797 ) ) ) )
superior temporal gyrus
L inferior temporal cortex - - -36 -3 -30 7.02 - -
L inferior temporal sulcus/
inferior temporal gyrus "54-30-18 444 ) ) ) )
L temporo-occipital cortex - - -42 -39 -12 5.02 -42 -48 -9 4.03
Occipital lobes
L middle occipital cortex - - -39-87 30 4531 -45 -84 24 5.66
R superior occipital cortex/
cuneus - - - - 18-99 12 3.82
L inferior occipital cortex -12-96 -18 3.72 -18-102 -6 431 - -
R gyrus fusiformis / inferior
occipital cortex/ sulcus 24-72 3 391 39-78-3 5.76 30-81-6 4.01
calcarinus
Deep gray nuclei
L/R thalamus 0-33-3 7.02 - - - -
L superior colliculus -3-300 6.91
L hippocampus - - -36-21-18 6.68 -39-21-15 5.05
L amygdala/ gyrus ambiens -273-24 2293 -273-24 6.86 -153-24 4761
R amygdala/ hippocampus-
amygdala complex 273-24 3.98 24-9-18 4.66 30-3-18 3.29
R nucleus accumbens - - 63-9 5.31 - -
Cerebellum
L cerebellar vermis/ 0-63-6 359 6-63-9 371 ) )

If not indicated otherwise activations were thresholded at P<0.005, uncorrected; clustersize > 10 voxels
* All subtraction contrasts including congruent shape trials exclusively refer to the
prespecified “critical congruent shape trials”.

Clustersize < 10 voxels

%This local maximum also occurred when this contrast was inclusively masked (cf., Material and Methods, pp. 52).
3Activation was thresholded at P<0.05, uncorrected
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the ones associated with behaviorally relevant oddballs presented in session 2 of the
study by Gruber et al. (2006, in prep.). For that reason, the comparison between
relevant oddballs and irrelevant oddballs was inclusively masked with the respective
contrast from the prior study (cf., Material and Methods, pp. 52). The results of the
masking procedure provided strong support for the assumption that activations in
posterior OFC and frontoopercular cortices, but also in temporoparietal and
postcentral cortices, were indeed attributable to the mere interaction of infrequency

and behavioral relevance (see also: Table 3, pp. 64).

3.2 Effect of reward

The effect of reward was assessed by the following two comparisons:
1.) [congruent shape trials with a reward association — congruent shape trials
without a reward association] and
2.) [all trials with an irrelevant oddball with a reward association — all trials with
an irrelevant oddball without a reward association].
While the first contrast was intended to reveal activations that were associated with
reward per se, the second one was sought to also uncover effects that were
additionally caused by an interaction between infrequency and reward (i.e., the effect
of an irrelevant infrequent distractor interacting with the effect of the positive
hedonic value of a reward association) and was further intended to reveal common
activations, which occurred for both congruent events in the shape task, that were

associated with reward, and irrelevant oddball events with a reward association.

3.2.1 Congruent shape stimuli associated with a reward vs. congruent shape

stimuli without a reward association

Activations associated with the effect of reward of frequent congruent shape events
are listed in Table 3, column 3 (pp. 64). Orbitofrontal activations are further
displayed on Figure 14C (p. 67). When congruent shape events were associated with
a reward, significant activations were found in the left medial orbital gyrus and the

right posterior olfactory sulcus. Furthermore, the reward association
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Talue

Figure 14: Orbitofrontal activations associated with different forms of motivational
significance (at P<0.005, uncorrected). (A) behaviorally relevant infrequent events
[behaviorally relevant oddballs versus irrelevant oddballs]; (B) infrequent stimuli with a
reward association [irrelevant oddballs with a reward association versus irrelevant oddballs
without a reward association]; (C) reward per se [congruent shape trials with a reward
association versus congruent shape trials without a reward association]; blue circles indicate
similar activations, that were detected in all three comparisons, green circles mark activations
that occurred in association with behavioral relevance of infrequency, pink circles outline
activations found in relation to the effect of reward in general; displayed in radiological
convention on the standard MNI-template.
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also activated the left amygdala (cf., Fig. 15A, this page) as well as posterior lateral
parts of the right amygdala extending into the hippocampus-amygdala complex.
Further, both the right and left posterior superior temporal gyri were activated by the
reward association, however, not within the TPJ, and a significant activation in right
postcentral cortex was also detected. Finally, the left hippocampus, the left temporo-

occipital cortex and the extrastriate cortices were activated by reward per se.

3.2.2 Irrelevant infrequent stimuli associated with a reward vs. irrelevant

infrequent stimuli without a reward association

Activations associated with reward in trials with an irrelevant oddball stimulus are
listed in Table 3, column 2 (pp. 64). Orbitofrontal activations are further displayed
on Figure 14B (p. 67). In correspondence to the orbitofrontal activations already
observed for shape congruency with a reward association, the reward association
presented in the context of an infrequent response-irrelevant stimulus activated left
medial orbitofrontal gyrus. In addition, an activation within right posterior olfactory
sulcus was also observed, which had already been detected in the previously reported
reward contrast. The left postcentral gyrus exhibited two local maxima, which were
not detected previously, while in the right hemisphere the postcentral activation

maximum was almost identically to the one reported in the prior reward contrast. The

Figure 15: Activations of deep gray nuclei (P<0.005, uncorrected, marked by crosshairs). (A) activation
of left amygdala by reward per se [shape congruency with reward association versus shape congruency]; (B)
activation of right nucleus accumbens by irrelevant oddballs associated with reward [irrelevant oddballs with
reward association versus irrelevant oddballs]; displayed in neurological convention on the starndard MNI-
template.
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left and right superior temporal cortices were also activated by irrelevant oddballs
with a reward association. A local maximum in the left inferior temporal cortex was
also detected in this comparison, but not in the previous reward contrast involving
congruent shape trials. Further, activations in the left hippocampus and amygdala as
well as the right amygdala and adjacent hippocampus-amygdala complex replicated
the findings already made for the effect of reward per se. A local maximum in the
nucleus accumbens was also observed in relation with an irrelevant oddball with a
reward association (cf., Fig. 15B, p. 68), which was however not found in the
previously reported reward contrast. In addition, significant activations within the
temporo-occipital cortex and in visual-processing areas of the occipital cortex were
also detected. Finally, the left cerebellum was significantly activated by irrelevant

oddballs with a reward association.

3.3 Disparity in the neural response to different forms of biologically significant

events

In order to test for significant differences with respect to the involvement of
orbitofrontal subregions in the processing of different forms of salient behavioral
relevance, experimental conditions of interest that were associated with a reward
were directly compared to behaviorally relevant oddballs without a reward
association. Accordingly, the following direct subtraction-contrasts were calculated:
1.) [congruent shape trials with a reward association — all trials with a
behaviorally relevant oddball without reward association],
2.) [all trials with an irrelevant oddball with a reward association — all trials with
a behaviorally relevant oddball without reward association]
In addition, the two opposite contrasts were also calculated. These contrasts
compared all trials that included a behaviorally relevant but unrewarded oddball with
either 3.) congruent shape trials with a reward association or 4.) all irrelevant oddball
trials that were associated with a reward, which led to the two subtraction-contrasts:
3.) [all trials with a behaviorally relevant oddball without reward association -
congruent shape trials with a reward association], and
4.) [all trials with a behaviorally relevant oddball without reward association - all

trials with an irrelevant oddball with a reward association].
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At the statistical threshold of P
< 0.005, uncorrected, only one
area in left medial OFC
(coordinates (x y z): -15 36 -12,
t = 3.29) was selectively
activated by  congruency
associated with the chance to
gain a reward when compared
to behaviorally relevant oddball

events without a reward

association  (comparison 1).
Figure 16: Activations selective for infrequent events with This activation was almost
a reward association when compared to relevant oddball ] . ]
events without such an association. The yellow circle marks identical to the local maximum
an activation focus in right posterior olfactory sulcus that . .
already appeared at P<0.01, uncorrected, while the blue observed in the left medial
circles refer to activations in the medial orbital gyri, that only . . o .
occurred at P<0.05, uncorrected. Activations displayed on orbital gyrus in association with
figure are therefore thresholded at P<0.05, uncorrected and
are shown in neurological convention on the standard MNI-  the effect of reward per se (cf.,
template.

Table 3, column 3, pp. 64). In
the reversed contrast (comparison 3) no orbitofrontal activity could be detected, but
only the left cerebellum (coordinates (x y z): -9 -54 -33, t = 4.43) and the left
postcentral cortex (coordinates (x y z): -60 —18 27, t = 3.39) where activated by
behaviorally relevant oddballs without a reward association compared to shape
congruency with a reward association.

When lowering the statistical criterion to P < 0.01, uncorrected, irrelevant oddballs
associated with a reward led to a significant activation within right posterior
olfactory sulcus when compared to behaviorally relevant oddballs (comparison 2;
coordinates (X y z): 15 24 -12, t = 3.04; see also: Fig. 16, marked by yellow circle,
this page). In addition, at P < 0.05, uncorrected, irrelevant oddballs with a reward
association further activated an area in left medial OFC (coordinates (x y z): -12 45 —

21, t = 2.12) in the direct comparison with relevant oddballs and there was also an

activation in contralateral medial OFC (coordinates (x y z): 21 45 -18, t = 1.75) that

was responsive to irrelevant oddballs with a reward association (see also: Fig. 16,

marked by blue circles, this page). The activations in right olfactory sulcus and in left
medial orbital gyrus were also detected in the previous comparison between

irrelevant oddballs with a reward association and those without such an association,
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which is displayed in Table 3, column 2 (pp. 64). In contrast, the activation in right
medial orbital gyrus would have only been observed in the previous comparison of
“irrelevant oddballs with a reward association versus irrelevant oddballs without
such an association” (cf., Table 3, column 2, pp. 64), if the statistical criterion had
been lowered to P < 0.05, uncorrected (coordinates (x y z): 24 48 -18, t = 1.78), and
is therefore not listed in Table 3 (pp. 64).

The reversed contrast, in which trials with irrelevant oddballs with a reward
association were subtracted from behaviorally relevant oddballs without a reward
association also showed a selective activation in the cerebellum similar to the one
described above (coordinates (X y z): -6 -57 -33, t = 4.65), but again no orbitofrontal
activations could be detected.

Apart from orbitofrontal activations, congruent shape trials with a reward association
further selectively activated superior temporal cortices bilaterally (coordinates (X y
z): —69 =30 3, t = 3.98; coordinates (x y z): =63 =6 -9, t = 3.41; coordinates (X y z):
63 0 -6, t = 3.78; coordinates (x y z): 69 -30 6,; t = 3.26) and the hippocampi
(coordinates (x y z): -33 =27 -15, t = 3.39; coordinates (x y z): 36 —18 -18, t = 3.28)
when compared to trials with behaviorally relevant oddballs without a reward
association.

Outside of the OFC, irrelevant oddballs with a reward association selectively
activated occipital cortices (coordinates (x y z): -36 =96 0, t = 4.65; coordinates (X y
z): 33 -84 -6, t = 7.33; coordinates (x y z): 15 -96 30, t = 3.82; coordinates (X y z):
30 -87 39, t = 3.67; coordinates (x y z): 27 -99 15, t = 3.28) at the statistical
threshold of P < 0.005, uncorrected, when compared to unrewarded behaviorally

relevant oddball events.
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V1. Discussion

This study pursued the goal of assessing whether different forms of behaviorally
relevant events — regardless of their actual rewarding properties — were processed by
the OFC in a similar fashion or in a regionally distinctive way.

The key finding of the current study was that two directly adjoining clusters within
right posterior OFC were activated by either reward or behavioral relevance of
infrequency. However, even though reward and salient behavioral relevance both
activated the right posterior OFC, the absolute activation maxima were not identical.
Instead, the maximum for behavioral relevance of infrequency in the subtraction-
contrast of “behaviorally relevant oddball events versus congruent shape trials”
(coordinates (x y z): 21 21 -21; cf., Table 2, pp. 61) was situated directly adjacent
(about 1-3 voxels in each direction) to the respective maxima for the two events
associated with reward (congruency associated with reward: coordinates (X y z): 18
21 -15, irrelevant oddballs with reward association: coordinates (x y z) 18 24 -12; cf.,
Table 3, pp. 64), that were located in the posterior section of the olfactory sulcus,
which may indicate that the two forms of behavioral relevance activated distinctive
but still considerably close areas within posterior OFC. Further, the direct
comparison between irrelevant oddballs with a reward association and behaviorally
relevant oddballs revealed a stronger (or even distinct) activation located within the
right posterior olfactory sulcus, which was not the case when congruent shape trials
with a reward association were directly compared to behaviorally relevant oddballs.
For that reason, it needs to be carefully discussed whether the right posterior
orbitofrontal activations may be indeed interpreted in terms of the initial hypothesis
according to which the posterior OFC was assumed to underlie a general monitoring
mechanism that is involved in the processing of all forms of salient behaviorally
relevant events.

In addition, other visibly distinctive coactivations within left medial OFC, right
anterior OFC and lateral posterior OFC extending into frontoopercular cortices were
also observed, which were either exclusively associated with reward or with
behavioral relevance of infrequency (see Table 3, pp. 64). Still, a consistent and
significant difference was only found for the left medial orbitofrontal focus in both
direct comparisons between events with a reward association and behaviorally

relevant oddball events. For that reason, it cannot be ruled out that the remaining
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orbitofrontal activations in lateral posterior and anterior OFC in fact also represented
candidate regions for the processing of salient behaviorally relevant events in

general.

1. Behavioral data

In the following sections | will briefly discuss the behavioral data and the personality
characteristics, before in a second step the neuroimaging findings will be addressed

in detail.

1.1 Oddball events and behavioral performance

Responding to a behaviorally relevant infrequent event led to a significant increase in
RTs and error rates, when compared to congruent shape trials and trials including an
irrelevant oddball. However, processing of an irrelevant, distracting oddball stimulus
did not exhibit such a detrimental effect on behavioral performance, even though the
visual inspection of the data indicated an increase in RTs of about up to 50 ms when
compared to congruent events in the shape task (cf., Fig. 9, p. 55).

In the empirical record, infrequent stimulus attributes have generally been assumed
to consistently elicit an orienting reflex that also affects behavioral performance
because the deviant stimulus attribute competes for cognitive processing resources
with non-salient but actually relevant stimulus attributes. Infrequency per se was
therefore expected to exert a detrimental effect on performance in the present study.
For instance, in a prior study unexpected auditory pitch deviants, that were irrelevant
for the behavioral response to be given, led to a significant increase in both RTs and
error rates in an auditory target-detection task in which subjects had to respond to
long duration tones (Sussman et al., 2003). Furthermore, this effect has also been
observed to persist for several hundreds of milliseconds and could even significantly
affect behavioral performance on the next trial (Escera et al., 1998). Linden et al.
(1999) and Kirino et al. (2000) further found increased RTs for oddball-targets when
compared to frequent standard events. In addition, Kirino et al. (2000) also reported

the RTs for infrequent novels, that were also significantly prolonged when compared
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to standard responses, even though subjects had to execute the same button press for
novel like for standard stimuli. This further supports the assumption that infrequent
deviance per se, regardless of its behavioral relevance or the infrequent response to
be executed, generally should be expected to trigger an orienting reaction that has
detrimental effects on behavioral performance.

In the current study, oddballs were presented in the same modality as the relevant
stimulus feature shape (i.e., they occurred in the visual modality), but appeared in the
currently irrelevant stimulus dimension color, which was similar to the study by
Sussman et al. (2003). Both relevant and irrelevant oddball events were also
considerably unexpected and deviant and therefore bore the potential of eliciting an
orienting reflex which then had to be followed by a (re)direction of attention to the
relevant task set which was necessary for correct performance in both oddball
situations. It was therefore surprising to observe only a slight degradation in
behavioral performance in irrelevant oddball trials. Nevertheless, most likely this
may be explained by a striking difference in the presently applied experimental
design when compared to the designs used in previous studies (e.g., the one of
Sussman et al., 2003). Accordingly, in the current study participants got an extensive
training before they were actually tested with the task-switching paradigm in the
scanner which was intended to reduce error rates and improve overall performance.
In contrast, in most prior oddball studies such a training was not necessary because
task demands for infrequent target detection were extremely low and subjects were
never required to switch between tasks (e.g., Sussman et al., 2003). Yet, the training-
effect that improved performance in the current study might have been achieved at
the expense of the behavioral measures of the orienting reflex, as the training might
have helped participants to better overcome the orienting reflex behaviorally and
even better ignore irrelevant oddball events, so that not every irrelevant oddball event
actually led to a significant behavioral oddball effect (i.e., an increase in RTs). One
support for this assumption were the considerably high standard errors observed for
the mean RTs for irrelevant oddballs trials (cf., Fig. 9, p. 55), which exceeded both
the standard errors of mean RTs for relevant oddballs and critical congruent shape

trials.
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1.2 Reward association and behavioral performance

Surprisingly, the reward association did not exhibit a significant influence on
subjects’ performance, even though participants were provided with a considerable
incentive for good performance, a finding, which may be explained by different
rationales: First of all, the competitive setting created in the current study required
subjects to optimize their performance with respect to all trials that were associated
with a reward. This was different from most previous reward studies in which
monetary rewards were associated with performance in individual trials indicated by
immediate reward-feedback. In these studies subjects’ overall reward thereby
consisted of the accumulated sum of individual rewards acquired within single trials
in which the performance criterion was reached (e.g., Knutson et al., 2001b). For that
reason, in these prior studies the reward value of an individual trial was probably by
far higher than in the current study. Secondly, in the present study 50 percent of all
trials were associated with reward (i.e., a reward association in every second trial)
and trial succession was quite fast. In such a challenging situation one could imagine
that subjects behaved strategically in that way that they tried to optimize their overall
performance by responding as fast and as accurate as possible to every target
regardless of its actual reward association. Finally, in the competitive situation
created in the current study the performance of the other players was unknown to
each subject. Against the background of the fast trial progression, subjects could
have again used the above described strategy of optimizing responding to all targets
in order to avoid missing a target with a reward association. If this was indeed the
case, it might have also affected the neural reward response, as such a behavioral
strategy would have entailed the risk, that the reward information might have been
processed inadequately or even not at all. However, subjects were explicitly
instructed to pay attention to the reward cues in advance and also exhibited neural
activations within reward-sensitive regions (cf., Table 3, pp. 64), which indicates that
the latter two explanations were rather unlikely.
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1.3 Counterbalancing of oddball-color and finger mapping and behavioral

performance

Slight or even significant differences with respect to response speed (RTs) and
accuracy (rates of correct responses) were detected between the two color mappings
(cf., p. 54). This finding may be interpreted in terms of a speed-accuracy trade-off
that occurred rather incidentally as a result of inter-individual differences. That
means, that some subjects simply increased response speed at the cost of response
accuracy and vice versa. For that reason, it may be ruled out that the color mapping
itself had an effect on overall performance on the group level.

Finally, the finger mapping did not affect behavioral performance, which was already
expected because all subjects got an identical training in advance and had to get used
to an experimental situation that was totally new to them.

2. Personality profiles

The individual personality profiles expressed by the TCI-scores of the participants
were very variable. This was already expected, because the temperament model of
Cloninger (cf., Richter et al., 1999) predicts that 17 different personality categories
may be found in the population. Still, the mean scores of the four TCI temperament
dimensions of all participants lay within the normal range (i.e., participants were
only slightly above average in persistence, reward dependence and novelty seeking
and slightly below average in harm avoidance) and therefore the sample was
considered as representative for the healthy population.

The competitiveness scores were also considerably variable across subjects. Still,
even subjects with quite low competitiveness scores performed well on the task. This
might be explained by the fact that the task in the current study was not competitive
in the sense of reacting directly to opponent’s actions like for example in a game of
chess or a bike race, but was rather competitive in the sense that a subject had to
optimize its own performance unbeknownst of his/her opponents’ performance. As
the CI rather tests for direct interpersonal competitiveness (Houston et al., 1992), it
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could have been inappropriate for the current study. Instead, it would have been

better to measure subjects compliance and effort in responding to rewarded trials.

3. FMRI data

The present study pursued two working hypotheses. For this reason, the discussion of
the imaging results will initially deal with the minor question, whether the current
study using a one-session design achieved a replication of previous findings made by
Gruber et al. (2006, in prep.), before in a second step the major hypothesis of the
current study will be addressed. It thereby will be discussed whether posterior OFC
may be indeed assumed to generally represent motivationally significant salient
stimuli. In addition, the discussion will also address complementary orbitofrontal
functions in the representation of positive hedonic value and violations of
expectations. Finally, the remaining activations, that occurred partly selectively in
association with either reward or behavioral relevance of infrequency, will also be

discussed.

3.1 Replication of previous results — Working hypothesis (1)

The first but minor intention of this study was the replication of the results from a
previous study from my laboratory (Gruber et al., 2006, in prep.). Therefore, an
inclusive masking procedure was applied (for a detailed description of this masking
procedure please see: pp. 52).

Altogether, the current study replicated some, but not all activations that had been
found to be selectively activated in the context of behavioral relevance of
infrequency of the previous study (cf., Table 4, p. 79). Among them were activations
within bilateral posterior OFC and adjacent frontoopercular cortices. Thus, it can be
ruled out, that the orbitofrontal activations detected in the previous study were
simply a result of the instruction-reversal concerning the infrequent deviant, which in
the first session had to be ignored by the subjects and in session 2 became a
prospective memory target on which subjects had to respond accordingly (for a short

review on the design of the previous study please, see also: p. 29). The present study
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did not include such a reversal confound as both irrelevant and relevant oddballs
were presented within the same session and did not change their response-
associations throughout the course of the experiment.

Moreover, the prior study further reported an activation focus within anterior OFC,
which would have conformed to the one reported in the present study if it was not
located in the opposite hemisphere (see also: Table 3, pp. 64). The present study also
replicated activations within left and right parietal cortices (e.g., supramarginal
gyrus) also covering the temporoparietal junction area, regions that were also found
in the previous study. In addition, the current study further revealed an activation
focus that lay within left superior colliculus, whereas Gruber et al. (2006, in prep.)
found a local maxima in the right superior colliculus. Since the cluster observed in
the present study also extended into the right superior colliculus, it may nevertheless
be viewed as a replication of the previous observation.

However, the remaining activations, especially those within the cingulate cortex as
well as the superior frontal and temporal cortices reported in Table 4 (p. 79), were
not replicated at the presently applied statistical threshold of P < 0.005, uncorrected,
which may at least partly be assigned to design-related differences, differences in
duration of the training or the overall lower statistical power of the present study. For
instance, by not separating irrelevant and relevant oddball events by different
sessions, the present study might have entailed the risk that subjects treated all
infrequent events in a similar way or used a strategy in which they tried to block out
deviant information to be able to respond as fast as possible to events with a reward
association. An alternative explanation might be seen in the fact, that in the prior
study participants had no chance to train the manual response to the relevant oddballs
in advance, but instead got the new instruction how to change their behavior in
response to the infrequent white color in the shape task in the break between session
1 and session 2. For that reason, the oddball event was probably perceived as more
salient and possibly required a higher degree of cognitive control to ensure correct
execution of an untrained and therefore novel response to a formerly ignored
stimulus. It may thus be speculated that the requirement to respond to the previously
ignored infrequent deviant in the second session of the study by Gruber et al. (20086,
in prep.) led to activations that represented overall learning effects (e.g., learning of a

new stimulus-response association) or higher cognitive and behavioral demands,
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Table 4: Comparison of activations found in Gruber et al. (2006, in prep.) and those for
behavioral relevance of infrequency detected in the present study

Coordinates from the study of Gruber
et al. (2006, in prep.) in the contrast:

Behaviorally relevant oddballs
versus
irrelevant oddballs *2

Statistical effects

Coordinates from the present study
that conform with those from Gruber
et al. (2006, in prep.) in the contrast:

Behaviorally relevant oddballs
Versus
irrelevant oddballs

Statistical effects

Region MNI coordinates (T-value) MNI coordinates (T-value)
Frontal lobes
R superior frontal gyrus -4 20 64 5.79 - -
L anterior orbital gyrus / lateral orbital 2852 -16 6.56 ) )
gyrus
L frontoopercular cortex -36200 9.90 -36 18 -3 5.23
R posterior orbital gyrus/
frontoopercular cortex 3228-12 10.89 3021-9 4.04
R posterior orbital gyrus 3224 -24 6.12 2718 -27 6.07
R cingulate sulcus / middle cingulate 42840 11.48 B B
cortex
Parietal lobes
L postcentral cortex -64 -32 24 6.40 -66 -18 27 14.75
L supramaginal gyrus/ posterior ) o4
superior temporal cortex (TPJ) 60 -56 36 11.59 54-4521 3.84
R supramarginal gyrus (posterior part)/
posterior superior temporal cortex (TPJ) 64-4828 17.89 ) )

. 48 -48 36 13.02 42-48 27 4.99
R angular gyrus/ supramarginal gyrus/
posterior superior temporal cortex (TPJ)

56 —44 32 9.19 51-42 24 4.40

R superior parietal lobule 52 -52 52 8.27 - -
Temporal lobes
R superior temporal gyrus 2812 -32 6.48 - -
R inferior temporal gyrus 60 -40 -20 5.73 - -
L inferior temporal gyrus -52 -24 -32 5.50 - -
Deep gray nuclei
L/R colliculi superior 4-28-12 6.56 -3-300 6.91
Cerebellum
L Cerebellum -40 -48 -36 5.99 - -

!Activations are reported at P<0.05, corrected for FWE

2Subtraction contrast: [behaviorally relevant low-frequency events (Session 2) — irrelevant low-frequency events (Session
1)] inclusively masked with the contrast [behaviorally relevant low-frequency events (Session 2) — behaviorally relevant
events with normal frequency (Session 3) ]
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which were not present in the current study as subjects got the opportunity to practice
the task in advance. Interestingly, the present study also led to new activation foci
which were mainly located in occipital and inferior temporal regions along the visual
“what-processing” pathway (cf., Borowsky et al., 2005). This may again be
attributed to design-related differences (i.e., the presently applied one-session design)
since in the current study subjects were required to differentiate between response-
relevant and irrelevant oddball events by their color, which even could have led to an
increase in visual salience of the relevant oddball color. Conversely, in the previous
study the three-session design did not require such a differentiation because relevant
and irrelevant oddballs were presented in different sessions. This may explain why a
differential response in regions of visual object processing was detected when

compared to the previous study.

In sum, the applied masking procedure allowed for the inference that the above
reported activations and in particular those in posterior OFC were indeed associated
with infrequent events that were also relevant for the organism’s behavior and had
not simply occurred as the results of the instruction-reversal between session 1 and 2
in the previous study by Gruber et al. (2006, in prep.). It was therefore feasible to
accept the first working hypothesis, that the OFC was indeed activated by infrequent
events that required a behavioral adjustment. Nevertheless, the detection of a
subthreshold orbitofrontal activity in conditions including an irrelevant oddball event
in the present study (cf., Table 1, p. 59) challenged the selectivity of the posterior
orbitofrontal response for behaviorally relevant oddball events which was initially
predicted from the results of the prior study of Gruber et al. (2006, in prep.). The
following section will carefully address this issue and will derive a probable

explanation for its occurrence in the context of infrequency per se.

3.2 The orbitofrontal cortex and processing of behaviorally irrelevant deviance

Surprisingly, in the present study the right posterior and also the anterior
orbitofrontal cortex exhibited subthreshold activations in association with irrelevant
oddball events (cf., Table 1, p. 59) with almost identical local maxima as those

reported for behaviorally relevant oddballs (cf., Table 2, pp. 61). This finding was
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not predicted from the results of the prior study from Gruber et al. (2006, in prep.),
which did not observe an orbitofrontal response to irrelevant infrequent deviance. On
the first view, this current observation could have indicated that the orbitofrontal
cortex subserved processing of unexpected visual deviance in general, even if the
deviant information was irrelevant for the organism. And indeed, one previous study
also observed similar orbitofrontal activations in both right posterior and anterior
orbitofrontal cortex that were associated with the mere observation of irrelevant
deviant stimulus features, which occurred unexpectedly in the visual display, but
were not relevant for the organism since they did not require a button press (Petrides
et al., 2002). Nevertheless, if orbitofrontal activations would indicate that such a
general mechanism indeed existed, why had similar orbitofrontal responses to
irrelevant visual deviance (i.e., to irrelevant distractors and novels) not shown up in
other oddball studies and especially in the previous study of Gruber et al. (2006, in
prep.)? One might answer this question by the fact that in the previous study by
Gruber et al. (2006, in prep.) an experimental manipulation was used in which every
deviant stimulus presented in session 1 was irrelevant for the behavioral response to
be given. Instead, in session 1 of their study subjects were required to immediately
reorient attention from the irrelevant deviant oddball color to the relevant shape
dimension and to respond to the respective shape. For that reason, no further
processing of the deviant color (e.g., an evaluation of the behavioral relevance of the
oddball color) was necessary. This was different from the less controlled design used
by Petrides et al. (2002), in which subjects passively viewed normal and deviant
stimuli in succession, but were not involved in any attentionally demanding task. For
that reason, it cannot be ruled out that the participants in the study of Petrides et al.
(2002) evaluated the strongly visually deviant (and sometimes even novel) stimulus
features with regard to their behavioral relevance or even assigned some kind of
relevance to them, because they were not explicitly instructed to refrain from doing
so. In my opinion, the inference on the data offered by Petrides et al. (2002),
according to which the orbitofrontal activations observed were simply a correlate of
deviance detection, was therefore not warranted. Instead, I would infer that the
orbitofrontal involvement in deviance processing in that particular study rather
indicated that this region actually subserved the processing of salient and

(potentially) relevant events in the environment.
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With regard to the present results, it may therefore be very likely that the similarities
in orbitofrontal activation for both relevant and irrelevant oddballs were also a result
of the applied experimental design. For one thing, the one-session design used in the
present study required subjects to differentiate between irrelevant and relevant
oddballs within the same session. This made it necessary that subjects evaluated
every infrequent event they encountered with respect to its behavioral relevance,
which was not required in the previous study by Gruber et al. (2006, in prep.) who
had presented irrelevant and relevant oddballs in separate experimental sessions. In
addition, the one-session design used in the present study further entailed the risk
that subjects could have wrongly assigned the behavioral relevance attribute to most
infrequent events they encountered and not only to behaviorally relevant events. The
assignment of behavioral relevance to most infrequent events in the present study
could have thereby already occurred preattentively, before in a second step the actual
relevance of the event was consciously revised. Finally, another possible explanation
could be derived from the perceptual similarities of the two oddball colors white and
yellow used in the current study. Due to the strong light-dark contrast against the
black screen the two light colors white and yellow might have been perceived as
highly similar leading to a reduced differentiability of infrequent oddball colors at
least in some trials, which could have even facilitated an accidental misattribution of

the behavioral relevance attribute to some of the irrelevant oddball events.

Due to the above-presented reasons, | therefore consider the orbitofrontal activations
observed for irrelevant oddballs as mainly being a result of the experimental design
employed in the present study. Orbitofrontal subthreshold activations in response to
irrelevant deviance and the OFC may therefore probably not be considered as
underlying infrequency processing per se, but rather represented either a general
evaluation of behavioral relevance of all salient events occurring in the
neuropsychological experiment or an accidental assignment of behavioral relevance
to most salient stimuli subjects encountered in the current study. This would also
mean, that in the remaining sections of the discussion, the subthreshold orbitofrontal
activations that occurred in relation to irrelevant oddballs will be treated as if they
were actually not present at all (like in session 1 of the study by Gruber et al., 2006,
in prep.), which will of course also affect the subtraction contrasts involving both

oddball types. In the contrast presented in Table 2 (pp. 61) behaviorally relevant
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oddballs compared to congruent shape trials activated a region within right posterior
orbitofrontal cortex (coordinates (X y z): 21 21 -21, t = 5.07) that was quite similar to
the one found in the subtraction contrast involving the comparison of irrelevant
oddballs versus congruent shape trials (cf., Table 1, p. 59; coordinates (x y z): 18 21
=21, t = 2.69). Following the logic of subtraction contrasts in SPM, in the direct
contrast between behaviorally relevant oddball stimuli and irrelevant oddballs
presented in Table 3 (pp. 64) this local maximum naturally did not show up, because

it had also been found to be activated to a similar degree in association with

irrelevant oddballs. However, since the orbitofrontal activations related to irrelevant
oddballs were assumed to be rather a function of the experimental design and not of
infrequency processing per se, in the upcoming discussion this posterior orbitofrontal
cluster maximum will therefore be also assigned to processing of behavioral

relevance of infrequency.

3.3 Comparing different forms of biologically significant events — Working
Hypothesis (2)

The results of the current study indicate that, in line with the second working
hypothesis, the right posterior OFC was indeed responsive to different forms of
salient behaviorally relevant events. However, despite this similarity in the right
posterior orbitofrontal response, activations in the remaining orbitofrontal subareas
(including more lateral parts of the posterior OFC) rather appeared to be selective for
either behaviorally relevant oddballs or reward per se. This means, that hypothesis
(2A) also had to be accepted. In this section it will be discussed how the present
findings may be interpreted within the general framework of orbitofrontal function.
Apart from the OFC, different types of biologically significant stimuli activated other
brain regions. These regions comprised both brain areas that were responsive to
motivational significance (e.g., amygdala) or reward (e.g., nucleus accumbens), as
well as parts of the “adaptive reflexive processing network” (Kiehl et al., 2005a)
including temporal, parietal and occipital cortices. Most of these regions showed to
be selective for either behavioral relevance of infrequency or reward. The discussion
will also address coherent explanations for these observations.
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3.3.1 The right posterior orbitofrontal cortex — Involvement in processing of
different forms of behaviorally relevant events?

In the current study, both behaviorally relevant oddballs and events with a reward
association activated a similar part of right posterior OFC (located near or within
the right posterior olfactory sulcus; cf., Table 2, pp. 61; Table 3, pp. 64). Considering
the rationale of the present study (cf., pp. 27), this finding may be interpreted as
evidence for a general mechanism that is involved in the processing of significant
events in the environment. Events with a reward association represented a
motivational goal and were probably perceived as highly significant, because
accurate and fast performance in these trials enhanced the chance to gain the
additional award. Similarly, the relevant oddball trials were also highly significant
due to the requirement to rapidly adjust attentional and behavioral resources towards
an unexpected, but behaviorally relevant event. It may therefore be assumed that
both rewarded events and behaviorally relevant oddballs shared the common
property of being relevant to the organism and were probably assigned priority in
being processed, regardless of the actual behavioral consequences (i.e., the rapid
motor adjustment) or the associated hedonic feelings that followed these events.

Previous findings also provided support for the assumption that the posterior OFC
represented motivationally significant events that were of (potential) relevance to
behavior. For instance, a similar posterior orbitofrontal subregion has been shown to
be sensitive to stimuli with a positive reward-value and a high incentive motivation
like food stimuli in a food-deprived state (O’Doherty et al., 2000; Gottfried et al.,
2003). Another study observed an orbitofrontal response to the anticipation of the
oral delivery of a glucose solution when compared to oral delivery of either a neutral
or a saline solution (O’Doherty et al., 2002). However, with regard to the present
findings an interpretation including only positive valent stimuli would have been too
restricted as presently both events with a positive value (i.e., events with a reward
association) and neutrally valenced behaviorally relevant oddball events activated a
similar posterior orbitofrontal subarea. And indeed, this posterior orbitofrontal
subarea was not exclusively activated by positively valenced stimuli in previous
studies. In a study using both appetitive and aversive olfactory conditioning the
authors reported a right posterior orbitofrontal activation — amongst further rostral

activation foci — which was associated with valence-independent olfactory learning
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in conditioning (Gottfried et al., 2002). The posterior OFC thereby represented both
aversively and appetitively valenced olfactory events (i.e., 5% 4-methyl-pentanoic
acid and 8% vanillin), but was not activated by a neutrally valenced odor (i.e., the
presentation of 0.1% phenethyl alcohol). Interestingly, this posterior orbitofrontal
focus corresponded to the respective orbitofrontal activation, that has been reported
to be responsive to high incentive value of food-related stimuli in a food-deprived
state, observed in the olfactory devaluation study of Gottfried et al. (2003; see also:
Fig. 3B, p. 28). Since the reinforcer devaluation paradigm used by Gottfried et al.
(2003) did not include a strongly aversive condition (e.g., a disgust-inducing food-
related odor), one cannot rule out that strongly aversive events could have also
activated posterior OFC to a similar degree as the high incentive food-related odors
when presented in a food-deprived state. In addition, another study also reported an
activation in the left posterior olfactory sulcus (coordinates (X y z): -16 28 -18) that
was correlated with the degree of subjectively perceived unpleasantness as expressed
by a rating scale when participants were presented with 6 different non-food odors,
while pleasantness ratings was exclusively represented by anterior-medial OFC
(Rolls et al., 2003). Superficially, this finding seems to contradict the one reported by
Gottfried et al. (2002; see above), because it pointed to a valence-dependent
representation within OFC, according to which pleasantness was coded rather
anterior-medially, while aversiveness was mainly represented posteriorly within the
OFC. Still, when we take a closer look at the design, there might be an alternative
interpretation: Considering the fact that the unpleasant odors were all related to
different acids, these events should bear a stronger significance for the organism than
the pleasant floral and woody non-food odors that were used by Rolls et al. (2003).
Acid smell may be perceived as particularly noxious and strongly aversive, which in
a real-world environment should trigger active avoidance behavior to evade the
danger of being injured. In contrast, pleasant odors should not at any case elicit
approach behavior. In the study of Rolls et al. (2003) the pleasant odors did not
indicate the presence of food and were therefore considerably unimportant for the
individual’s needs and its survival. Conversely, Gottfried et al. (2002) used the food-
related odor of vanillin which should have been more relevant to the individual as
this odor in everyday life often predicts the presence of a food item. Finally,
considering the results from the meta-analysis by Kringelbach and Rolls (2004; see

also: Fig. 1, p. 21), which also pointed to a valence-independent representation of
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reinforcers in posterior parts of the orbitofrontal cortex, one may indeed infer that the
right posterior orbitofrontal subregion detected in the present study also represented
behaviorally relevant events independent of their actual valence.

Interestingly, a significant orbitofrontal activation in right posterior orbital gyrus and
adjacent parts of the olfactory sulcus has also been observed in a situation in which
subjects made a conscious decision on target detection in a dichotic listing task. This

was in so far astonishing as this activation rather varied with the subjective decision

on target presence in a situation of uncertainty created by dichotic listening, than
with physical target presence itself (Pollmann et al., 2004). This further leads to the
assumption, that this orbitofrontal subregion may be assumed to represent a self-
referential process which allows for the conscious processing of significant events
and voluntary (behavioral) decision-making even in ambiguous situations. In the
current study, both rewards and behaviorally relevant oddballs represented
motivational goals that required conscious processing to enable an enhancement of
cognitive resources and successful behavioral performance. Especially the
behaviorally relevant oddball events could only be processed adequately, after they
had been consciously perceived and subjects decided upon their presence. Similarly,
optimization of performance in trials with a reward association also required
conscious processing of the reward cue that contained the important information on

their incentive value.

Finally, one important issue that has not been addressed so far is, that irrelevant
oddballs with a reward association led to a quantitative difference (i.e., a stronger
BOLD response) in the activation of the right posterior OFC when directly compared
to behaviorally relevant oddballs, while congruent shape trials with a reward
association did not when being directly compared to behaviorally relevant oddballs
(cf., Results, pp. 69). It is most likely, that in case of irrelevant oddballs with a
reward association the combined effects of the design-related subthreshold
activations in posterior OFC elicited by irrelevant oddballs per se and also those
attributable to the incentive motivation of the reward association in itself increased
the activation in the posterior OFC to a degree that significantly exceeded activations
due to the mere effect of salient behavioral relevance in relevant oddball trials
without an association with the chance to gain a reward. This would also explain why

in the direct comparison between congruent shape trials and trials including
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behaviorally relevant oddballs, no such significant difference in activation in right
posterior OFC could be observed (even not when lowering the statistical threshold to
P<0.05, uncorrected) and would again strongly argue for a similar coding of
motivational/ behavioral relevance within an identical subregion of right posterior

OFC in these two experimental conditions.

In sum, the present results provide first support for the inference that right posterior
OFC represents highly significant environmental events regardless of their actual
valence. This observation is also supported by prior results from the studies
discussed above and a recent meta-analysis by Kringelbach and Rolls (2004; see
also: Figure 1, p. 21). Still, the present results further show that an association with a
pleasant or aversive event is no necessary prerequisite to activate posterior OFC, but
instead the mere verbal instruction to adjust ones behavior to an unexpected deviant
seems to be sufficient to create a “cognitive incentive” that acquired motivational
significance and thereby became a behavioral goal. | would therefore infer that this
particular posterior orbitofrontal subregion near the posterior part of the olfactory
sulcus may be indeed assumed to be responsive to any form of behaviorally — or
more generally speaking — motivationally significant stimuli in the environment, with
the restriction that the respective environmental stimuli also need to be considerably

salient in the context in which they appear.

3.3.2 Selective coding of behavioral relevance of infrequency within posterior

and anterior OFC - Violations of expectation and voluntary goal-change

Apart from the right posterior orbitofrontal activation discussed above, | also
detected coactivations in more lateral parts of the posterior orbitofrontal cortices
that further extended into the frontal opercular cortices (cf., Table 3, pp. 64). These
coactivations were associated with the unexpected occurrence of behaviorally
relevant oddball events, but did not show up in the reward contrasts. A smaller right
anterior orbitofrontal focus was also exclusively detected in association with
behaviorally relevant oddballs in the present study. Still, the direct contrasts of
behavioral relevance of infrequency against trials with a reward association did not
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reveal these distinctive coactivations in response to behavioral relevance of
infrequency, which does not allow for a final conclusion on their selectiveness.

And indeed, considering previous studies that reported activations in similar parts of
the posterior OFC and adjacent parts of anterior insular and frontoopercular cortices,
one may assume that this lateral posterior orbitofrontal subregion also had been
especially responsive to stimuli with a high incentive value or more generally
speaking with a high motivational significance. For instance, in male subjects left
lateral posterior OFC has been observed to be responsive to facial beauty particularly
to that of female faces when compared to male ones (Aharon et al., 2001). In
addition, highly motivating reinforcers (monetary reward), when compared to less
motivating but nevertheless positive incentives (verbal feedback), also led to an
increase in activation of the posterior orbitofrontal cortex (Kirsch et al., 2003).
Further, a valence-independent representation of highly significant and arousing
environmental stimuli has also been observed in lateral posterior orbitofrontal
subareas. This was for instance the case, when a reward was either received in the
context of a winning streak or when a penalty occurred in the context of
accumulating loss (Elliott et al., 2000a) or when subjects received either the best or
worst possible outcome in a gambling study (Breiter et al., 2001).

Still alternatively, one may treat these lateral posterior orbitofrontal coactivations,

that further extended into the frontal operculum, as selective for behaviorally

relevant oddball events, since the overall low statistical power of the whole fMRI

results could have obscured the detection of these selective activations in the direct
contrasts. In doing so, one then has to consider another important theory on OFC
function, which has not been addressed so far. According to O’Doherty et al. (2003)
the OFC has not only been implicated in coding stimulus reward value, but is

presumably also involved in behavioral control after rewarding or punishing

feedback. By constantly monitoring the internal and external environment for
possible changes, the OFC has been assumed to give a sort of running commentary
on values of the expected outcome associated with particular actions (Schoenbaum &
Setlow, 2001). More importantly, upon the detection of violations of expectations
with regard to predicted outcomes, the OFC has been assumed to provide the
decisive information on the change in the behavioral relevance or motivational
significance of a stimulus, which is vital for the implementation of an adaptive
behavioral change (O’Doherty et al., 2001, 2003). Indeed, most reversal-learning
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studies, in which subjects had to reverse responding to a previously rewarded
stimulus after they had consistently experienced violations of their expectation in
form of a negative feedback (see also: Introduction, pp. 19), observed lateral
posterior orbitofrontal activations (partly extending into the anterior insular cortex).
These activations showed to be selective for the final reversal error which led to the
actual behavioral change (Cools et al., 2002; Kringelbach & Rolls, 2003; O’Doherty

et al., 2003) and were close to the lateral posterior clusters found in the current study.

O’Doherty et al. (2003) interpreted these activations as reflecting the detection of a
change in reward contingencies or, even more specifically, a decrease in the average
reward value of the currently chosen stimulus that triggered a reversal in stimulus
choice. The authors were further able to rule out that the lateral posterior
orbitofrontal activation was simply attributable to the inhibition of responding. Their
design also included a condition in which subjects only observed the stimulus
selection made by the computer, but still O’Doherty et al. (2003) found the same
posterior orbitofrontal activation to be associated with the final reversal error after
which the computer actually changed stimulus choice.

In light of these prior findings it is therefore possible to adequately account for the
lateral posterior orbitofrontal activations, if one considers them as selective for
situations in which a behaviorally relevant oddball required a behavioral adjustment.
Accordingly, the experimental setting of the present study created a context in which
the majority of the shape-cues validly cued the shape task. For that reason, subjects
probably built up the overall expectation that a shape cue was also followed by a
shape task on most occasions. However, infrequently and therefore unexpectedly the
behaviorally relevant oddball color occurred within the shape task and made the
preceding shape cue invalid. More importantly the oddball color immediately
required the rapid reversal of the already prepared stimulus-response mapping of the
shape task set to that of the relevant oddball color. It is important to note, that in the
current study it was not the unexpected punishing feedback like in most common
reversal-learning studies, but — more generally — the actual violation of an
expectation (i.e., the expectation of a shape task following the shape cue) followed

by a rapid voluntary change in the behavioral goal towards the unexpected event

which supposedly activated lateral posterior OFC. In the previous study from my
laboratory (Gruber et al., 2006, in prep.) it had already been demonstrated that the

frequent presentation of a behaviorally relevant stimulus, that required the same
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behavioral adjustment as the infrequent behaviorally relevant oddball stimulus
presented in the current study, which was however well practiced, did not activate
the OFC. That means, that the detection of an infrequent and unexpected
behaviorally relevant event that also required a rapid change in goal-directed
behavior (i.e., the interaction between infrequency and behavioral relevance), was a
necessary prerequisite for activation of the lateral posterior OFC. Since adjacent
parts of the frontoopercular cortices were also activated by behaviorally relevant
oddballs, one may further infer that this region could have complemented
orbitofrontal function by representing a memory function in the sense of a “retrieval
mode” that compared incoming sensory information with a stored template (Rugg et
al., 1999; Bledowski et al., 2004) and therefore facilitated the specification of salient
environmental stimuli as prospective memory targets (i.e., relevant oddballs), which
further assisted the correct behavioral adjustment (i.e., the actual reversal of the
stimulus-response association).

Finally, one should not overlook the right anterior orbitofrontal cluster that was
also coactivated by behavioral relevance of infrequency in the present study. Similar
activations within lateral anterior orbitofrontal cortex have also been found in one
reversal-learning study, when subjects reversed stimulus choice upon the final
reversal error (O’Doherty et al., 2001), and further occurred in another study that
used invalid temporal and spatial cues (Nobre et al., 1999), which indicates that the
anterior orbitofrontal activation may have been somehow linked to the behavioral
reversal and the lateral posterior activations observed in the present study.

If we also consider the fact that the above discussed posterior activation clusters and
the right anterior cluster observed in the present study were located quite laterally
within the OFC, it is tempting to follow the proposals made by other researchers
(O’Doherty et al., 2001; Elliott et al., 2000b; Kringelbach & Rolls, 2004) and assume
a rather medial-lateral dissociation of orbitofrontal functioning. According to these
researchers, lateral orbitofrontal parts were mainly reported to be associated with
situations in which expectations were violated (mostly by punishing feedback) and
necessitated a rapid behavioral change, while medial parts rather presented
processing of positive incentives. In the present study, orbitofrontal foci that were
selective for behavioral relevance of infrequency were indeed located more laterally,
while reward activated rather medial parts. Further, following the neuroanatomical

hierarchy within OFC (Ongiir & Price, 2000) according to which posterior regions
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converge on anterior subareas, in the present study one might even speculate that
posterior and anterior OFC could have somehow “communicated” to permit more

complex information processing and decision-making (see also: Kringelbach, 2005).

However, for reasons that have been outlined above (i.e., the lack of statistically
significant differences in activations in these regions when directly comparing
different types of biologically significant events, cf., pp. 69), | cannot unequivocally
infer that coactivations in lateral posterior and right anterior OFC were selective for
behavioral relevance of infrequency, even though prior evidence strongly supports
their selectivity for the response-reversal following unexpected and significant
changes in stimulus-response association. For that reason, the above offered
interpretations can only be preliminary and future studies have to carefully address

this issue to allow a clear inference.

3.3.3 Reward processing, positive hedonic value and the medial orbitofrontal

cortex

In the present study, events with a reward association selectively activated left
medial orbital gyrus (cf., Table 3, pp. 64), which indicates that rewarded events
might have carried some inherent property that was not innate to behaviorally
relevant oddball events. If one assumed that every rewarded event automatically
triggered positive emotions (i.e., feelings of pleasure), one might hypothesize that it
was the positive hedonic value or pleasure associated with the reward association
that selectively activated the medial orbitofrontal cortex in the current study. Indeed,
reward processing is not only processing of biologically significant events that have
acquired a motivational value, but also includes processing of positive hedonic value.
Based on neurobiological findings, Berridge and Robinson (2003) proposed a clear
dissociation between the “wanting” and the “liking” components of reward, that in
most occasions occur together in a real world environment. According to them, the
processing of incentive salience or the perception of “cognitive incentive goals”
represents the motivational consequences of positive reinforcers (i.e., the “wanting”
component). Instead, the unconscious processing of “liking” and the conscious

pleasure experienced from a reward have both been assumed to represent the
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affective consequences of reward. In other words, while “liking” of a reward
describes the hedonic experience associated with reward, the “wanting” component
is rather tied to its behavioral significance in the sense of the motivation to approach
and consume the reward. Interestingly, “wanting” and “liking” have been found to be
mediated by different neural systems (e.g., “wanting” has been reported to be mainly
influenced by dopamine neurotransmission, which has however no association to the
“liking” component; for a more elaborate overview supporting this dissociation
please cf., Berridge & Robinson, 2003), which would point to the possibility that
these different components could in fact be also represented by different orbitofrontal
subareas.

The OFC has been shown to represent both pleasurable and motivationally
significant stimuli like winning money (e.g., Thut et al., 1997), pleasant odors (e.g.,
Rolls et al., 2003), sweet taste (e.g., O’Doherty et al., 2002), facial beauty (Aharon et
al., 2001) and pleasant touch (Francis et al., 1999). Unfortunately, most of these
studies did not allow for a clear dissociation between motivation and pleasure. If for
example Gottfried et al. (2003) manipulated the hunger state and therefore the
motivation of their participants, the consciously perceived pleasantness and therefore
supposedly also the hedonic experience associated with the food-related odors were
naturally also manipulated. In fact, Gottfried et al. (2003) did not exclusively observe
the above described activations in posterior orbitofrontal cortex, but further detected
additional maxima in left and right anterior medial OFC that were responsive to both
learning of stimulus-reward associations and the appetitive value of food-related
reinforcers. These activations partly overlapped with the cluster in left medial orbital
gyrus detected in the present study. Even though, this might indicate that medial
parts of the OFC could have indeed coded positive reward value and the pleasantness
of reward, a clear identification of positive valence is only possible, if one directly
compares two motivationally relevant events of contrasting valence. A study
(O’Doherty et al., 2001) that contrasted reward leading to a financial gain with
punishment involving a financial loss, reported a significant association between
reward and activity within medial parts of the OFC that were also partly close to the
left medial orbitofrontal maximum detected in the current study. This activation was
interpreted in terms of representing a monitoring function for the rewarding
consequences or the value of a currently chosen stimulus (O’Doherty et al., 2001).

Still, the medial orbitofrontal activation was not found in relation to punishment and
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might therefore be rather attributable to the positive hedonic value of a rewarded
event. This assumption has been also supported by another observation made by
O’Doherty (2003) who observed a medial orbitofrontal activation to be sensitive to
reward valence, while adjacent and further anterior parts of the medial OFC along
the midline of the human brain were rather involved in behavioral choice in the sense
of response maintenance within the applied reversal-learning paradigm. | would
therefore conclude that the assumption made by for instance Elliott et al. (2000b) or
O’Doherty et al. (2003), according to which medial OFC generally subserved a
maintenance of currently applied response strategies and of stimulus-response
associations, was not always warranted. Indeed, in the current study the reward
association had no effect on actual behavioral choice, as the stimulus-response
association was the same for both rewarded and unrewarded events and subjects
were not required to actually decide for a stimulus based on its expected valence.
Nevertheless, the consequences of correct and fast responding to a stimulus with a
reward association and one without such an association had different valences. While
the normal task cues led to a neutral outcome, the reward cues offered the chance to
acquire a fairly high reward for good performance. This allows for the inference that
the left medial orbitofrontal activation in the present study most probably represented

the positive feelings elicited by the reward association.

3.3.4 A proposed model of orbitofrontal function beyond the context of reward

Against the background of the above-discussed findings, the current results may fit
well into a more general framework that is not restricted to the context of reward, but
is extended to a wider range of motivationally significant stimuli in the environment.
The proposed model of orbitofrontal function may apply for all salient stimuli that
are of particular importance to the organism and represent motivational/ behavioral
goals, regardless of whether they address subjective internal needs (like primary
rewards) or whether they represent “cognitive incentives” created in the constrained
context of the laboratory. A necessary prerequisite thereby also seems to be the
salience of environmental stimuli next to their motivational significance, which also

conforms to the results from the prior study from my laboratory (Gruber et al., 2006,

in prep.).
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changes in satiety state in reinforcer devaluation) or maybe even by both external and
internal conditions. In that sense, medial posterior OFC seems to represent the
“wanting” or “incentive salience” component of environmental events (cf., Berridge
& Robinson, 2003) and subserves an evaluative function that allows for the
subjective decision that a motivationally significant event is present. Furthermore,
the individual consequences following motivationally significant events (i.e., the
behavioral change and/ or hedonic feelings following these events) are presumably
represented separately within the OFC. Against the background of the current
findings, it may be assumed that coactivations observed in more lateral parts of
both the posterior OFC and adjacent frontoopercular cortices as well as in right
anterior OFC may thus not only be involved in the assignment of behavioral
significance to salient stimuli in the environment, but instead further allow for
voluntary goal-directed adjustments of behavioral control processes in order to
achieve behavioral success and to avoid failure in situations that require a high
degree of cognitive control. Finally, the left medial orbital gyrus might instead

represent the positive hedonic feelings elicited by rewarded events and thereby
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supposedly represents the “liking” component of reward (Berridge & Robinson,
2003).

A more fine-grained representation of different functions both along the posterior-
anterior and the medial-lateral axes of the OFC, as indicated by the current results,
would also be in accordance with the heuristic model recently proposed by
Kringelbach (2004, 2005). According to Kringelbach (2004, 2005), after the
assignment of relative reward value — or more generally speaking the assignment of

motivational significance, as | would infer from the present observations — in

relatively caudal parts of the OFC, the information is either relayed to lateral OFC
to influence subsequent behavior (e.g., for reversing previous stimulus choice), to
more medial orbitofrontal regions, similar to the ones found in the current study in
association with reward, were it is made available for subjective hedonic experience,
or to orbitofrontal parts located near the brain’s midline (i.e., the gyrus rectus),
that is assumed to subserve a monitoring function as important part of learning and
memory mechanisms (see also: Fig. 17, p. 94). Still, based on the present results such
a tripartite dissociation along the medial-lateral axis cannot be directly supported.
Further, the current study was unable to unequivocally support the selectivity of most
orbitofrontal activations (cf., pp. 69). For that reason, future studies need to carefully
test the heuristic model proposed by Kringelbach (2004, 2005; see also: Future
Directions, pp. 109).

3.4. Activations beyond the orbitofrontal cortex

It is important to note, that the orbitofrontal cortex does not function in isolation, but
functionally interacts with other regions in the human brain. In the following sections
of the discussion the remaining findings from the fMRI-experiment will be discussed
with regard to their role within the framework of the current study. Reward thereby
preferentially activated regions of the brain’s reward circuit, while behavioral
relevance of infrequency further led to responses in regions of the “adaptive reflexive
processing network” (Kiehl et al., 2005a). Nevertheless, there were also regions that
were activated in a similar way by both behavioral relevance of infrequency and
reward, which may be interpreted as supposedly underlying the general processing of

sensory properties of stimuli that are both salient and motivationally significant.
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3.4.1 Similar activations for reward and behavioral-relevance of infrequency —

Beyond the orbitofrontal cortex

Similar activations for different forms of biologically significant events outside of
the OFC were basically restricted to the postcentral cortices and the inferior occipital
cortex. Further, there was also an activation located in the left cerebellum, which
occurred in association with both behaviorally relevant oddballs without and
irrelevant oddballs with a reward association. These findings may be best interpreted
as representing a general attentional mechanism, in the sense of an enhancement of
both visual and somatosensory processing when subjects had to deal with salient
motivationally significant events. In addition, | also detected similar activations in
the amygdalae for both behaviorally relevant oddballs and events with a reward
association, whereby in the right hemisphere activations associated with reward were
located more posteriorly extending into the hippocampus-amygdala complex (cf.,
Table 3, p. 64). Overall, this observation strongly argued for a more general function

of the amygdala in processing of motivational significance.

Somatosensory activity in postcentral cortex has commonly been observed in
relation to movement execution, especially in situations that required a high degree
of attentional and executive control (e.g., Lacourse et al., 2005). This was for
instance the case when subjects had to execute a novel sequence of movements when
compared to a skilled movement (Lacourse et al., 2005). A minority of reward
studies also reported somatosensory activity (Berns et al., 2001; Elliott et al., 2003,
Zink et al., 2004). In a study in which subjects had to swallow small amounts of
liquid rewards, somatosensory activity was higher for a preferred reward when
compared to a less preferred liquid (Berns et al., 2001). In the target-detection study
of Elliott et al. (2003) a left postcentral response, similar to the one observed in the
current study, was also found in association with reward that occurred contingent on
a button press. And Zink et al. (2004) further observed a comparable left postcentral
activation when monetary reward was received contingent on performance, but also
when an arbitrary stimulus followed a correct button press. For that reason, |1 would
interpret the postcentral activations, that occurred in association with both rewarded
events and relevant oddball trials, as a sort of control signal in the sense of an on-line

somatosensory feedback, that reassured subjects of whether a correct button press
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actually took place. This would also explain, why the activations for both the
irrelevant oddballs with a reward association and the relevant oddballs without such
an association were more extensive than the ones for shape congruency with a
reward association. While shape congruency simply required subjects to execute well
practiced frequent standard responses, the relevant oddball trials necessitated an
infrequent and therefore less well established response, which required a higher
executive control effort than that to frequent events. Similarly, in trials with
irrelevant oddballs that had a reward association it was particularly important to
increase executive control processes in order to respond correctly and not to become

distracted by the infrequent deviant.

Comparable to the postcentral cortex, the cerebellum has also been reported to play
a central role in organizing sensory inputs and has further been found to be involved
in planning or assigning motor responses to rewarding stimuli or other salient
incentives. Accordingly, the cerebellum supposedly plays a fundamental role in a
number of cognitive processes required for executing goal-directed behavior and
suppressing disadvantageous behaviors (Anderson et al., 2006). In the current study,
a part of this brain structure was consistently activated by both behaviorally relevant
oddballs without a reward association and irrelevant infrequent events that were
associated with the chance to gain a reward (cf., Table 3, pp. 64), but not by
congruent shape trials associated with a reward. Due to their infrequency the former
two events were especially salient. One might therefore assume that the cerebellar
response was restricted to motivationally or behaviorally relevant events that were
also perceived as particularly salient, because different from congruent shape trials
these events appeared unexpected in the shape task and therefore required a high
degree of cognitive control to ensure successful performance (i.e., achieve either the
adjustment of behavior towards the relevant oddballs or ignoring of the irrelevant
oddballs with a reward association). If one further considers the observation that the
cerebellum gets direct input from the midbrain dopamine system (e.g., the VTA, Ikai
et al., 1992), which has also been shown to be important for the processing of all
sorts of salient stimuli and incentives, one could therefore presume that the

cerebellum should be especially responsive to salient events in the environment.
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Activations in inferior occipital cortex and gyrus fusiformis, that were similar for
different forms of behaviorally relevant events (cf., Table 3, pp. 64), indicated that
visual processing was also enhanced in situations that required a high degree of
executive control. Attention has already been observed to modulate activation in
extrastriate sensory regions (Yantis & Serences, 2003; Thiel et al., 2004) or other
parts of the ventral visual stream (Gazzaley et al., 2005), which has been assumed to
be mainly guided by top-down signals from higher processing regions like the
prefrontal and parietal cortices (Yantis & Serences, 2003). Attentional modulation of
extrastriate activity may be therefore viewed as a top—down bias, which facilitates
processing of stimuli at attended locations (Thiel et al., 2004). In the current study,
rewarded events and the behaviorally relevant events constituted motivational goals
and were both represented by a similar region in right posterior orbitofrontal cortex,
while similar parietal activations, except from those found in postcentral cortex,
could not be detected. Whether this orbitofrontal subregion indeed provided the top-
down bias that enhanced visual processing of motivationally relevant stimuli has to
be assessed in future studies. Still, there is already evidence that a greater activation
in early extrastriate and ventral temporal areas for emotional relative to neutral visual
stimuli (e.g., faces) could result from direct feedback influences exerted on
perceptual pathways by other regions involved in emotional processing (for example

by the amygdala, e.g., Vuilleumier et al., 2004).

And indeed, | also observed activations in the amygdalae that occurred unselective
for all types of motivationally or behaviorally relevant stimuli in the present study,
which may indicate that the amygdala also underlies a general function in the
processing of motivational significance which could be even similar to the one of the
posterior OFC. The amygdala has been observed to be sensitive to positive emotions
(Ernst et al., 2005), perceived reward value (Gottfried et al., 2003), positive valent
stimuli (e.g., O’Doherty et al., 2003; Elliott et al., 2004) and stimuli with a high
incentive motivation (e.g., Arana et al., 2003). Still, this region has also been
implicated in the acquisition and expression of fear responses (e.g., Morris & Dolan,
2004; see also: Whalen, 1998; Calder et al.,, 2001) and has been assigned an
important role as an automatic “alarm center” for innate threat cues (Williams,
2006). In particular, the right amygdala has thereby been assumed to be a key
component of the “Fight/ Flight system” (cf., Williams, 2006). Moreover, some
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recent studies further directly supported, that the amygdala indeed showed a valence-
independent response to all stimuli that were of high emotional salience (Garavan et
al., 2001; Liberzon et al., 2003; Phan et al., 2004; Lewis et al., 2006). Similar to the
OFC, the amygdala may even be considered as a general ,relevance detector”
devoted to the processing of a broader category of biologically significant stimuli
independent from their actual affective valence (cf., Sander et al., 2003). In addition,
there is evidence for an interaction between the phylogenetically older amygdala and
the orbitofrontal cortex in processing of motivational relevance (e.g., in reinforcer
devaluation studies). For instance, lzquierdo et al. (2004) reported observations from
lesion studies with rhesus monkeys, which indicated that in situations in which
responses were mainly guided by a motivational signal like the decreasing reward (or
hedonic) value, the amygdala was supposedly one source that supplied information
on the current motivational value of reinforcer that was important for behavioral
choice. Similarly, an fMRI reinforcer devaluation study that manipulated the satiety
status of human participants observed a significant decrease in the amygdala
response upon increasing satiety, that paralleled activations in the posterior OFC
(Gottfried et al., 2003). For these reasons, in the present study it seems to be likely
that the amygdala could have somehow interacted with the posterior OFC when
encoding significant information that may be used to guide goal-directed behavior
(see also: Schoenbaum et al., 1998). Nevertheless, in the previous study of Gruber et
al. (2006, in prep.) activations in the amygdalae did not show up when assessing the
interaction of behavioral relevance and infrequency (see also: Table 4, p. 79), which
may further indicate, that different from the (lateral) posterior OFC, the
phylogenetically older amygdala apparently was not vital for the rapid adjustment of
goal-directed behavior towards unexpected infrequent deviants (i.e., the relevant
oddballs).

3.4.2 Activations selective for rewarded events - Beyond the orbitofrontal cortex

Even though the direct contrasts did not provide unequivocal evidence that most of
the below discussed regions were indeed selective for reward (cf., pp. 69), it is most
likely that these brain regions were preferentially involved in reward processing in

the current study. It has already been outlined in the introduction (pp. 12) that
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processing of positive incentives has not been exclusively observed in the OFC.
Among them were the right nucleus accumbens, which was activated by irrelevant
oddballs with a reward association, and various parts of the occipital and temporal
cortices as well as the left hippocampus that responded to all events with a reward
association. In the present study, these regions supposedly subserved complementary
functions like the contextual integration of reward-related information or the

representation of the increased salience of events with a reward association.

One *“classical” reward-sensitive region, that was however only inconsistently
associated with reward in the present study, was the right nucleus accumbens. The
nucleus accumbens has been shown to represent reward anticipation (Knutson et al.,
2003; Galvan et al., 2005), general processing of reward (Kirsch et al., 2003) and
positively valenced emotional stimuli (Aharon et al., 2001). In the present study it
was exclusively activated by irrelevant oddballs with a reward association, but not
when a congruent shape stimulus was associated with a reward. Considering the
observation made by Zink et al. (2003), a response in nucleus accumbens should
most likely occur in situations of high salience regardless of their hedonic value and
the behavioral response requirements associated with the salient event. Nevertheless,
such an assumption would have also applied for situations in which subjects
encountered any kind of salient oddball event in the present study, which was
however not the case. One might therefore speculate that in the present study one
possible explanation for an activation of the nucleus accumbens, that exclusively
occurred when an irrelevant oddball was also associated with a reward, may be
derived from its function as a “critic” that learns to predict future rewards based on
the reward-prediction error (O’Doherty et al., 2004) and the interplay of two contrary
processes. First of all, subjects were required to ignore the oddball stimulus and to
voluntarily redirect attention towards the relevant stimulus attribute shape. This
could have represented a classical withdrawal or avoidance situation. On the other
hand, the irrelevant oddball (or the classical withdrawal situation) was on some
occasions nevertheless associated with a reward. So it might have been the reward
association within an infrequent withdrawal situation, that could have been perceived
as a kind of reward prediction error, which then led to the activation of nucleus
accumbens. Alternatively, apart from the first speculation which remains to be

directly assessed by future studies, the activation in nucleus accumbens in that
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particular situation could have also been an overall effect of the increased salience of
an irrelevant oddball event that was further presented in the context of a reward
association that may have also entailed an increased salience. However, this latter
explanation is also post hoc and therefore remains to be directly tested.

In addition, reward also partly selectively activated the extrastriate cortex and
multi-modal association cortices in the temporal lobe. Similar activations were also
found in some prior reward studies (e.g., Elliott et al., 2003), but were not further
interpreted by the respective researchers. One might again assume that the reward
association itself increased visual salience of the respective target events, since in the
present study the task cues provided the actual reward information, while both target-

stimuli with and without a reward association never differed with regard to their

visual properties.

Finally, rewarded events further selectively activated the left hippocampus. Even
though the hippocampus is no classical structure of the brain’s reward circuit, but
has rather been assigned an important role in memory processes (e.g., declarative
memory; cf., Cohen et al., 1999), it was still activated by rewarded stimuli in the
current study. Only a minority of studies on reward processing observed
hippocampus activation in association with positive reinforcers as well as
punishment (O’Doherty et al., 2002; Elliott et al., 2000a; Small et al., 2001) and for
that reason a coherent explanation for its involvement in the processing of reward is
still missing. Nevertheless, one line of evidence points to an interaction between the
hippocampus and other regions involved in processing of emotional stimuli. For
instance, the hippocampus and the amygdala have been consistently observed to
interact in the consolidation and enhancement of memory for emotionally laden
information (cf., LaBar & Cabeza, 2006). Lesion studies with human subjects led to
the assumption that the amygdala may represent implicit emotional learning
processes (e.g., fear conditioning), whereas intact hippocampus functioning is
presumably vital for conscious factual representations of stimulus-reinforcement
contingencies (Bechara et al., 1995) and for contextual representations (LaBar &
Phelbs, 2005). A similar relationship has also been observed in memory retrieval,
which was expressed by an enhanced effective connectivity between hippocampus

and amygdala when retrieving emotional memories (Smith et al., 2006). Even
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though, the present study included not explicit memory component, subjects
nevertheless had to remember the meaning of the reward cue. It is therefore probable,
that in accordance with the proposal made by Smith et al. (2006) in the present study
the amygdala processed emotional information concerning the reward association,

which was supposedly retrieved from hippocampus-dependent memory.

3.4.3 Processing of irrelevant and behaviorally relevant infrequency — Beyond

the orbitofrontal cortex

The observed oddball-activations largely corresponded to those that had been
previously detected in the common oddball paradigm, when humans either processed
infrequent target or distractor stimuli (e.g., Bledowski et al., 2004) or were required
to respond to unexpected (infrequent) changes in different modalities (e.g., Downar
et al., 2000, 2001). Brain regions activated by irrelevant oddball stimuli in the
present study (cf., Table 1, p. 59) comprised right superior and medial frontal as well
as bilateral middle frontal areas. In addition, activation foci within intraparietal
cortices on both sides were detected and the irrelevant oddballs also activated
extrastriate cortex and the right cerebellum. The presentation of behaviorally relevant
infrequent events also activated a widespread and partly selective neural network of
brain regions that included various frontal, parietal and temporal regions as well as
occipital regions of the visual cortex, adjacent parts of the cerebellum and subcortical
nuclei like the thalamus (cf., Table 2, pp. 61). In this section | will address common
activations that were similarly detected for all infrequent events regardless of their
behavioral relevance, while the next section will deal with those activations that were

selective for behavioral relevance of infrequency.

A common attribute of both irrelevant and behaviorally relevant oddballs was their
overall salience (i.e., their infrequency), which naturally suggested that activations
caused by both oddball-types were in fact induced by stimulus-salience per se.
Nevertheless, with reference to previous studies it was rather unlikely that all of the
above mentioned regions simply represented the infrequency aspect that was inherent
to all oddball events regardless of their behavioral relevance. Instead, different

regions seemed to underlie specific roles like attentional reorienting (middle frontal
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gyrus & intraparietal cortex), general motor preparedness (pre-SMA) and processing
of visual salience (occipital cortex), which will be addressed in further detail below.

In the present study, activations within left middle frontal cortex were likewise
detected for both irrelevant and for behaviorally relevant oddball events. This was in
contrast to results from previous studies, which reported activations in middle
frontal gyrus almost exclusively in association with behaviorally relevant infrequent
events in common oddball studies (e.g., McCarthy et al., 1997; Kirino et al., 2000;
Brazdil et al., 2005). Moreover, activity in this region was preferentially observed in
tasks that either required subjects to overcome automatic or prepotent responses or to
implement infrequent response rules or strategies that were stored in memory (Kirino
et al., 2000; Huettel & McCarthy, 2004) or to spatially reorient attention following
invalid spatial cues (Thiel et al., 2004). In sum, the middle frontal gyrus most likely
represents a mechanism that identifies stimuli that require a response and that
implements the initiation of a motor response (Kirino et al., 2000). With regard to the
present results, one may assume that the relevant and the irrelevant oddballs
activated middle frontal gyrus in a similar way, because both oddball events required
a voluntary orientation to a response-relevant stimulus feature. In case of the relevant
oddball the infrequent oddball feature required subjects to overcome a prepotent
widely automatic response tendency to be able to execute the infrequent response,
whereas the irrelevant oddball color, which involuntarily captured subjects’ attention,
nevertheless required subjects to voluntarily redirect the attention back to the

relevant stimulus dimension shape and respond accordingly. Due to this prerequisite
the response demands were different from those in common oddball paradigms, as in
the present study subjects had to respond to every stimulus and also process bivalent
stimuli of which the actually irrelevant stimulus-dimension elicited the orienting
reflex. Conversely, in the classical oddball paradigm both univalent targets and
distractors were commonly processed in the focus of attention and occurred in
succession with frequent standard stimuli and, even more importantly, distractors

required no response initiation in most of these studies. Alternatively, it is also

possible that the activation in middle frontal gyrus occurred in association with both
oddball conditions because subjects attributed the behavioral relevance aspect of one
oddball type also to the other at least in some trials (this possibility has already been
outlined for the posterior orbitofrontal activation, cf., pp. 82). Support for this

assumption comes from the study of Downar et al. (2001), who also observed
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activation within left middle frontal gyrus that occurred unspecifically for both task-
relevant changes and irrelevant changes in the currently unattended modality. In their
study deviants were presented concurrently in two different modalities and subjects
had to attend to one of these modalities at a time, whereby, upon a cue change, the
relevant modality switched every now and then. Each modality was therefore at least
potentially relevant even when being currently irrelevant, which makes it possible
that subjects in fact attended to both modalities and identified potentially relevant
stimuli that led to activations in middle frontal gyrus, but only reported changes in
the currently relevant modality.

With regard to activations detected in the pre-SMA extending into the SMA the
absolute maxima observed for irrelevant oddballs and relevant oddballs lay in the
right (x-coordinate = 3) and in the left hemisphere (x-coordinate = -3), respectively
(cf., Table 1, p. 59, and Table 2, pp. 61). Nevertheless, the two clusters strongly
overlapped and were not detected in the direct comparison between behaviorally
relevant oddballs and irrelevant oddballs (cf., Table 3, pp. 64), which indicates that
activations in these regions were probably unselective to oddball-type. And indeed,
the SMA has commonly been reported to exhibit a rather unspecific activation that
occurred in relation to both relevant and irrelevant low-frequency events in previous
oddball studies (Downar et al., 2001; Mulert et al., 2004), which has been interpreted
as the representation of involuntary motor orienting towards changing sensory input,
even in situations in which the actual response remained unexecuted (Downar et al.
2000). In addition, the pre-SMA, in which the absolute local cluster maxima were
located, has been assigned a complementary function in movement execution.
Accordingly, the pre-SMA, which receives inputs from both the prefrontal cortex and
the cingulate motor areas, has been assumed to be responsible for movement-related
decision-making (Clare, 1997), particularly in situations in which the relevant
responses are uncertain or ambiguous (Ullsperger & von Cramon, 2001; Garavan et
al., 2003; Milham & Banich, 2005). It is therefore likely, that the pre-SMA was also
engaged by a sudden, unexpected change in sensory input (i.e., the infrequent
oddball colors in the present study), supposedly leading to a state of general
preparedness that facilitated a change in behavioral strategy in ambiguous situations
and possibly also supported actual movement execution in the present study.
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Similar to the SMA, in previous oddball studies the intraparietal cortex has also
been reported to respond in a context-insensitive fashion to both attended targets and
unattended distractors (Marois et al., 2000; Downar et al., 2001; Bledowski et al.,
2004). Furthermore, increased activations within intraparietal cortices, which were
similar to the ones observed in the present study, were also observed in studies in
which trials were invalidly cued and subjects were required to reorient attention in
space in order to be able to respond correctly to a target stimulus (Nobre et al., 1999;
Thiel et al., 2004). Thus, the unselective intraparietal activations observed in the
present study may be best interpreted as representing the reorientation or
disengagement of attention following the detection of unpredicted sensory events.
The orienting reflex led to an involuntary disengagement of current attention that
was centered on the shape task and required a subsequent voluntary (re)orientation of
attention to the relevant stimulus dimension and the respective task set (i.e., in case
of irrelevant oddballs this was a reorientation to the shape task set, while with regard

to relevant oddballs an updating of the relevant-oddball task set was required).

Finally, activation foci detected within right inferior occipital cortex and fusiform
gyrus, that occurred nonselective for both irrelevant and behaviorally relevant
infrequency (cf., Table 1, p. 59; Table 2, pp. 61), may be most likely ascribed to the
sensory distinctiveness (i.e., the salience) of the oddball colors yellow and white.
According to theory, stimuli which strongly deviate from the neuronal model built
from the repetitive features of the environment are perceived as particularly salient
(cf., Sokolov, 1963). In the present study, the “visual” context was dominated by the
standard colors red and blue, which were naturally perceived as less visually salient
than the infrequent oddball colors. For that reason, the salience of oddball events was
probably enhanced. Since the salience of stimuli that require a behavioral response
has also been reported to often lead to stronger and more robust responses (cf.,
Sokolov, 1963), it was not surprising to further detect a quantitative activation-
difference in the direct comparison between relevant and irrelevant oddballs with
stronger activations when oddballs were also relevant for the behavioral response to
be given (cf., Table 3, pp. 64),
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3.4.4 Selective processing of behaviorally relevant infrequency — Beyond the
orbitofrontal cortex

In contrast to irrelevant oddballs, processing of behaviorally relevant oddballs was
preferentially associated with activations in regions of the *“adaptive reflexive
processing network”, that have consistently been observed to exhibit enhanced
activity in response to target stimuli (e.g., Bledowski et al., 2004; Kiehl et al.,
2005a). Besides the already discussed activations in orbitofrontal cortex, relevant
oddballs thereby selectively activated extensive parts of the temporal cortices
bilaterally (e.g., the TPJ), the left insular cortex, parts of the parietal cortex and deep

gray nuclei like superior colliculi and the thalamus (cf., Table 3, pp. 64).

Within the *“target-detection network” especially the TPJ — and to a minor degree
also the inferior frontal cortex — has been assigned a key role in identifying salient
sensory events of (potential) relevance to behavior (Downar et al., 2001; see also:
Corbetta & Shulman, 2002). The TPJ has been observed to be involved in processing
of visual and auditory oddball-targets that either required silent counting or a button-
press (e.g., Linden et al., 1999; Kiehl et al., 2001a, b) and for targets but not
distractor oddballs in a study using the visual oddball paradigm (Clark et al., 2000).
Interestingly, Downar et al. (2000, 2002) also found the TPJ to be responsive to the
passive perception of unexpected changes (Downar et al., 2000) and to novel stimuli
(Downar et al., 2002) in the visual, auditory and tactile modality. Nevertheless, the
TPJ still showed a context-dependent enhancement when changes were task-relevant
compared to irrelevant changes in most previous studies (e.g., Bledowski et al.,
2004), and subregions within the TPJ (i.e., a part of the supramarginal gyrus) further
exhibited a selective response for behaviorally relevant stimuli (Downar et al., 2001).
In general, the TPJ may therefore be assigned the role of an important mediator of
stimulus-driven attention in the sense of an alerting system that immediately directs
attention towards salient (potentially) behaviorally relevant stimuli that are outside of
the current focus of attention (cf., Corbetta & Shulman, 2002). The present results
support this assumption, because the behaviorally relevant oddballs always appeared

in the shape task and were therefore presented in the currently unattended stimulus-

dimension. Further, trials with relevant oddball events required subjects to

successfully detect the infrequent relevant stimulus-attribute color, that was
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presented outside of the focus of attention, in order to be able to execute the correct
response. The apparent selectivity for behavioral relevance of infrequency observed
in the present study (cf., Table 3, pp. 64) thereby underlined that the TPJ was indeed
particularly responsive to salient changes in the environment that required a rapid

adjustment of goal-directed behavior, but not to salient events per se.

In the present study the processing of the response-relevant oddball stimuli of course
was not strictly stimulus-driven, but also required the voluntary processing of the
prospective memory targets that were behaviorally relevant (i.e., the relevant oddball
stimuli). Considering an interplay between voluntary and strictly stimulus-driven
processes in the brain, as proposed by Corbetta and Shulman (2002), it might be
possible that the TPJ was indeed biased towards the relevant oddball color, due to an
enhancement of the sensory salience of behaviorally relevant oddballs by top-down
signals from frontal or parietal cortices (Corbetta & Shulman, 2002). Apart from
temporoparietal activations, further activations within the ventral frontoparietal
alerting network (cf., Corbetta and Shulman, 2002), were detected in the middle
frontal gyri bilaterally, but in the present study the middle frontal gyrus exhibited a
nonselective activation for both relevant and irrelevant oddball events for reasons
that have already been outlined above. In addition, significant activity was also
detected in parietal cortex (left precuneus), which in the present study occurred
indeed selective for behavioral relevance of infrequency. Nevertheless, in previous
oddball studies, the precuneus did not show such a selectivity, but was activated by
both relevant and irrelevant stimulus changes (Downar et al., 2000, 2001; Stevens et
al. 2005). It therefore remains to be directly tested whether activation in this region
indeed represented a top-down signal that biased temporoparietal cortices towards
relevant oddballs by coding the (voluntary) attentional shift between the object
features “shape” and “color” (Nagahama et al., 1999) or whether it was for instance
rather associated with the increased attentional task demands in a situation in which
subjects had to overcome a prepotent response-tendency in trials with a relevant
oddball, as it has been proposed by other researchers (Barber & Carter, 2005).

Activations within insular cortex, have mainly been observed during target
detection in the classical oddball paradigm (e.g., Clark et al., 2000, 2001; Braver et
al., 2001; Bledowski et al., 2004; Mulert et al., 2004), even though some authors also
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reported insular activation in response to novel and infrequent distractor stimuli that
required no button press (Downar et al., 2001; Kiehl et al., 2005a). The functional
role of this region within the “adaptive reflexive processing network” is still under
discussion (Kiehl et al., 2005a) and for that reason the inference made by Bledowski
et al. (2004), that at least the anterior insula — together with the frontoopercular
cortex (see above) — may subserve a kind of retrieval function, still remains rather
speculative. Nevertheless, the activation cluster detected in the present study was
located deep in the middle insular cortex and was therefore clearly dissociated from
the activation in frontoopercular cortex. Alternatively one may therefore hypothesize,
that in the present study the insula could have represented the somatosensory
recognition of the infrequently pressed response button, which was based on tactile
information relayed by the somatosensory cortex (Burton & Sinclair, 2000), or could
have contributed to the reassurance that the less automatic response to the relevant
oddball stimulus had indeed been successfully executed. However, further studies are
definitely needed to ascertain insula function within the context of behavioral

relevance and infrequency.

As a region that gates both cortical input (i.e., what the cortex will see, hear and
smell) and output (i.e., cortical “decisions” that allow us to run, speak, eat., cf.,
Trepel, 2004), the thalamus has been consistently found to be involved in the
processing of relevant oddballs in both the visual and auditory modality (Clark et al.,
2000; Downar et al., 2001; Kiehl et al., 2001a, b; Brazdil et al., 2005; Kiehl et al.,
2005a). Since the thalamus was also selectively activated by the relevant oddball
stimuli in the present study, it is most likely, that it was somehow involved in the
motor response to these events, as assumed by other researchers (e.g., Downar et al.,
2001).

Next to the thalamus, | also detected significant activations in the superior colliculi,
that had already been found in the previous study by Gruber et al. (2006, in prep.).
Even though activations in these considerably small nuclei have not been reported in
previous fMRI oddball studies in humans, the superior colliculi have nevertheless
been assigned an important role in the processing of visual salience in the rat brain
(Comoli et al., 2003). Accordingly, short latency visual information has been

observed to be relayed from the superior colliculi to the substantia nigra, which has
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been assumed to represent the critical perceptual discriminations that identify stimuli
as both unpredicted and biologically salient (Comoli et al., 2003). Still, a significant
activation within the substantia nigra was lacking in the present study and one
therefore has to be careful not to overinterpret activations detected in such small
regions as the superior colliculi especially because in the present study a
considerably high spatial smoothing factor was applied, which could have affected
the exact localization of the respective maxima. Nevertheless, apart from the rather
putative activations detected in the superior colliculi, the current study provided
further support for an increased visual salience of the behaviorally relevant oddball
events (van Rullen et al., 2003). Accordingly, extensive parts of the ventral visual
stream (i.e., bilaterally along the temporal association cortices) and also of the right
temporal limbic association cortex were selectively activated by behavioral

relevance of infrequency.

4. Future directions

Considering the present findings it became obvious that the restrictions entailed by
experimental approaches in the laboratory could obscure an integrated view on brain
functions, and only allows us to look at a fraction of the “whole story”. The
orbitofrontal cortex has been of major research interest for more than 40 years (cf.,
pubmed-search for the term “orbitofrontal”). Nevertheless, previous studies have
mainly focused on the OFC in the context of reward processing, positive emotions
and reward-related decision-making. The current study provided initial support for
the assumption, that orbitofrontal function may comprise more than a mere
representation of positive reinforcers and relative reward value. Beyond the context
of reward, the posterior OFC may consequently be considered as a prime cortical
region that both detects and evaluates motivationally significant and behaviorally
relevant events in the environment and further provides the decisive signal that
allows for a context-dependent adjustment of behavior. Still, the present results also
pointed to a selective role of the left medial OFC in the representation of positive
reward value. For that reason, it should be of future interest to further disentangle
the motivational “wanting” and the affective “liking” components of reward
(Berridge & Robinson, 2003) with regard to their representation within the OFC. The
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current paradigm did not allow for the unequivocal inference that the hedonic value
of reward was indeed represented by the left medial OFC as this inference was made
post hoc and was not addressed by the initial hypotheses. In addition, it was not
possible to find out whether subjects perceived experimental conditions with a
reward association as more pleasant than those without. Future studies should
carefully deal with this issue by systematically varying both the motivational
significance and the perceived pleasantness or aversiveness of primary reinforcers
within a single study.

Another interesting aspect, that could not be addressed with the presently employed
method, was the actual time-of-onset of activation in regions involved in the
processing of significant events in the environment. The present study revealed
activations both in regions of the “adaptive reflexive processing network” (Kiehl et
al., 2005a) and in the posterior OFC that occurred in association with behavioral
relevance of infrequency. In contrast, events with a reward association did not
activate the former regions, but only activated the posterior OFC and also the
amygdalae to a similar degree. Instead, the reward association led to significant
responses in the hippocampus and less consistently also in the nucleus accumbens.
As has already been outlined in the introduction, general stimulus-salience (e.g., the
unexpectedness of a stimulus) may initially be represented in a rather stimulus-driven
fashion, before in a second step this information might be integrated by higher-order
processing regions of the frontal lobe, which have been assumed to assign
motivational significance. The method of fMRI does not allow for a temporal
resolution in the milliseconds range and is therefore not capable to correctly measure
the temporal continuum of salience processing and processing of behavioral
relevance. Consequently, in the future both the temporal continuum (with ERP) and
the neural correlates (with fMRI) of significance processing ranging from bottom-up
salience to top-down goal-directed behavioral relevance remain to be investigated
concurrently in a single study (see for example: Williams, 2006 for a heuristic model
on the temporal continuum of significance processing) to get an idea about the time-
course of activational onsets.

In addition, the functional connectivity between mainly bottom-up and top-down
driven mechanisms of cognitive and behavioral control should also be of interest for
future studies. Inspired by the proposal made by Izquierdo et al. (2004), who inferred
that the guidance of goal-directed behavior represented by the OFC may depend on
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different neural input sources depending on whether the most relevant information
for current behavior comes from internally generated affective signals or external
changes in visual stimulation, one may assume that regions that process visual
salience should preferentially show a strong functional connectivity with
orbitofrontal regions, whenever a rapid behavioral reversal has to be initiated upon a
sudden (external) change in visual input regardless of the actual hedonic valence of
the event that actually triggered this reversal (e.g., when subjects detected a relevant
oddball color in the present study or when a negative feedback in reversal-learning
studies required subjects to immediately reverse stimulus-choice). Conversely, in
situations in which responding is guided by a more reliable affective signal (like the
decrease of reward value in situations of increased satiety), the amygdala should
show a strong connectivity with the OFC. A major question would thereby be,
whether the functional connectivity would be restricted to the posterior orbitofrontal
region that was similarly activated by both behavioral relevance of infrequency and
the reward association in the present study, or whether posterior regions would rather
be connected to activations that occurred in lateral posterior OFC (associated with
the behavioral adjustment) and medial orbital gyrus (exclusively activated by
positive events in the current study). lzquierdo et al.’s (2004) study did not
sufficiently answer this question, because the ablation of the monkey OFC had not
been restricted to a part of the OFC, but had been applied to the whole region.

Apart from the temporal continuum and the functional connectivity, even more
importantly, it should be of future interest to investigate, how the orbitofrontal
cortex is actually able to differentiate between aversive and positive stimuli and
also neutral but nevertheless salient events that require a behavioral adjustment
(like in the present study), if all kinds of motivationally significant stimuli are
initially represented by a similar posterior OFC-subregion. Taking into consideration
the findings made by Ravel et al. (1999, 2003) who reported that tonically active

cholinergic interneurons in the monkey striatum showed to be equally responsive to

all kinds of motivationally significant events regardless of their actual valence, but
nevertheless exhibited differential response patterns to either pleasant or aversive
stimulation (e.g., a triphasic response for aversive stimuli), one may hypothesize that
the same posterior orbitofrontal neurons could have also exhibited such a differential
response pattern that might have differentiated between different types of

motivationally significant stimuli (i.e., relevant oddballs and events with a reward



Discussion 112

association) in the present study. Alternatively, it could have been also possible that
some neurons within the same voxel responded preferentially to reward and others
fired upon the detection of a relevant oddball that required a behavioral adjustment.
The method of fMRI is not sensitive enough to detect subtle changes in a single
neuron’s firing rate as it measures the more extensive BOLD response and for that
reason only single-electrode recordings in monkeys would provide evidence for such
a process taking place in the posterior OFC.

Finally, the link between deficient orbitofrontal function and the etiology of
psychiatric disorders remains to be further elucidated. Some psychiatric
populations have already been reported to be unable to appropriately filter
information with regard to their salience and/ or relevance within the current context
in which they occur (e.g., oddball target processing in schizophrenics, Kiehl et al.,
2005b) while others showed to be affectively biased in the processing of significant
information in the environment (e.g., the mood-congruent bias observed in
depressives, Elliott et al., 2002) or lacked the ability to overcome perseverative
responses and adjust their behavior in a context-sensitive fashion (e.g., perseverative
or compulsive behaviors observed in OCD-patients, cf., Zimmer, 2004). Not
surprisingly, these populations have also been reported to exhibit significant deficits
in brain-function when compared to normal controls (for a review of recent
neuroimaging findings on reward processing and decision-making in psychiatric
patients see: Schlueter et al., 2006, accepted). The paradigm used in the present study
would allow for a further elucidation of disorder-specific disturbances of “normal”
orbitofrontal functioning in the context of significance processing, motivation and
affect. There is already evidence, that for instance substance abusers lack the ability
to make adaptive decisions when it comes to the selection of natural rewards. At the
same time, these patients have been reported to exhibit an aberrant orbitofrontal
activation pattern in response to motivationally significant stimuli (cf., Schoenbaum
et al., 2006), which has been interpreted in terms of a reduced valuation of natural
rewards by the OFC which is also evident in a general hyperresponsiveness to stimuli
predicting drug-availability enhancing glutamatergic drive to these predictors (cf.,
Kalivas & Volkow, 2005). It should be fruitful to test these as well as other
psychiatric patients with deficits in motivational processing and decision-making
with the currently used paradigm since this paradigm has the decisive advantage that

it does not present disorder-related or symptom-provoking stimuli (e.g., pictures of
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drug stimuli or pictures related to compulsions) and may therefore be easily applied

to a broader range of psychiatric patients.

5. Critical remarks

This section provides the interested reader with some final and somewhat critical
remarks on the present study. It is intended to support upcoming research on
motivational significance by pointing to some (methodological) shortcomings that
should be avoided in the future.

For reasons that have been outlined above, | cannot unequivocally infer that lateral
posterior OFC and also its right anterior parts were selectively activated by
behavioral relevance of infrequency, because these activations did not show up in the
direct subtraction contrasts between behavioral relevance of infrequency and events
with a reward association (cf., pp. 69). However, the overall low statistical power
of the current study supposedly was one reason for this insensitivity for selective
OFC activations related to different behaviorally relevant events. In order to increase
statistical power, future studies therefore should for instance increase the temporal
resolution by introducing a systematic variation of trial onset (i.e., jittering; Miezin
et al., 2000). In addition, it would have also been desirable to test a bigger sample of
healthy participants. Even though 10 subjects sufficed for a random-effects analysis
and led to reliable results across the group in the present study, a number of 20
subjects or more could have further increased reliability and would have probably
also affected statistical power. Moreover, a bigger sample would have also provided
the opportunity to test for potential gender differences. There is already evidence
for a sexual dimorphism in the orbitofrontal response with respect to biologically
significant stimuli in the environment (e.g., threats, McClure et al., 2004b) and it
remains to be tested whether such a difference also affected processing of
motivationally significant events like the ones used in the present study. However,
the limited time-frame for data acquisition of the present study did not allow for

assessing more than 12 individuals.



Appendix 114

VI1I. Appendix

1. References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

Abler B, Walter H, Erk S, Kammerer H, Spitzer M (2006) Prediction error as
a linear function of reward probability is coded in human nucleus accumbens.
Neuroimage 31:790-795

Aharon |, Etcoff N, Ariely D, Chabris CF, O'Connor E, Breiter HC (2001)
Beautiful faces have variable reward value: fMRI and behavioral evidence.
Neuron 32:537-551

Anderson CM, Maas LC, Frederick B, Bendor JT, Spencer TJ, Livni E,
Lukas SE, Fischman AJ, Madras BK, Renshaw PF, Kaufman MJ (2006)
Cerebellar ~ vermis  involvement in  cocaine-related  behaviors.

Neuropsychopharmacology 31:1318-1326

Arana FS, Parkinson JA, Hinton E, Holland AJ, Owen AM, Roberts AC
(2003) Dissociable contributions of the human amygdala and orbitofrontal
cortex to incentive motivation and goal selection. J Neurosci 23:9632-9638

Attwell D, ladecola C (2002) The neural basis of functional brain imaging
signals. Trends Neurosci 25:621-625

Backhaus K, Erichson B, Plinke W (2000) Multivariate Analysemethoden.

Eine anwendungsorientierte Einfihrung. Springer-Verlag, Berlin

Barbas H, Pandya DN (1989) Architecture and intrinsic connections of the
prefrontal cortex in the rhesus monkey. J Comp Neurol 286:353-375

Barber AD, Carter CS (2005) Cognitive control involved in overcoming
prepotent response tendencies and switching between tasks. Cereb Cortex
15:899-912



Appendix 115

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

Bechara A, Tranel D, Damasio H, Adolphs R, Rockland C, Damasio AR
(1995) Double dissociation of conditioning and declarative knowledge
relative to the amygdala and hippocampus in humans. Science 269:1115-
1118

Berns GS, McClure SM, Pagnoni G, Montague PR (2001) Predictability

modulates human brain response to reward. J Neurosci 21:2793-2798

Berridge KC, Robinson TE (2003) Parsing reward. Trends Neurosci 26:507-
513

Bledowski C, Prvulovic D, Goebel R, Zanella FE, Linden DE (2004)
Attentional systems in target and distractor processing: a combined ERP and
fMRI study. Neuroimage 22:530-540

Boucsein W (1992) Electrodermal activity. Plenum Press, New York

Boynton GM, Engel SA, Glover GH, Heeger DJ (1996) Linear systems
analysis of functional magnetic resonance imaging in human V1. J Neurosci
16:4207-4221

Borowsky R, Loehr J, Kelland Friesen C, Kraushaar G, Kingstone A, Sarty G

(2005) Modularity and intersection of “what”, “where” and “how” processing

of visual stimuli: A new method of fMRI localization. Brain Topogr 18:67-75

Braver TS, Barch DM, Gray JR, Molfese DL, Snyder A (2001) Anterior
cingulate cortex and response conflict: effects of frequency, inhibition and
errors. Cereb Cortex 11:825-836

Brazdil M, Dobsik M, Mikl M, Hlustik P, Daniel P, Pazourkova M, Krupa P,
Rektor I (2005) Combined event-related fMRI and intracerebral ERP study of
an auditory oddball task. Neuroimage 26:285-293



Appendix 116

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

Breiter HC, Aharon I, Kahneman D, Dale A, Shizgal P (2001) Functional
imaging of neural responses to expectancy and experience of monetary gains
and losses. Neuron 30:619-639

Buckner RL (1998) Event-related fMRI and the hemodynamic response.
Hum Brain Mapp 6:373-377

Burton H, Sinclair RJ (2002) Attending to and remembering tactile stimuli: a
review of brain imaging data and single-neuron responses. J Clin
Neurophysiol 17:575-591

Calder AJ, Lawrence AD, Young AW (2001) Neuropsychology of fear and
loathing. Nat Rev Neurosci 2:352-363

Carmichael ST, Price JL (1995) Limbic connections of the orbital and medial

prefrontal cortex in macaque monkeys. J Comp Neurol 363:615-641

Casey BJ, Forman SD, Franzen P, Berkowitz A, Braver TS, Nystrom LE,
Thomas KM, Noll DC (2001) Sensitivity of prefrontal cortex to changes in
target probability: a functional MRI study. Hum Brain Mapp 13:26-33

Cavada C, Company T, Tejedor J, Cruz Rizzolo RJ, Reinoso Suarez F (2000)
The anatomical connections of the macaque monkey orbitofrontal cortex: a
review. Cereb Cortex 10:220-242

Clare S (1997) Functional magnetic resonance imaging: Methods and
applications. Doctoral thesis submitted at University Nottingham, Great

Britain; Online access: http://www.fmrib.ox.ac.uk/~stuart/thesis/index.html

Clark VP, Fannon S, Lai S, Benson R, Bauer L (2000) Responses to rare
visual target and distractor stimuli using event-related fMRI. J Neurophysiol
83:3133-3139



Appendix 117

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

Clark VP, Fannon S, Lai S, Benson R (2001) Paradigm-dependent
modulation of event-related fMRI activity evoked by the oddball task. Hum
Brain Mapp 14:116-127

Cloninger CR (1987) A systematic method for clinical description and
classification of personality variants. A Proposal. Arch Gen Psychiatry
44:573-588

Cloninger CR, Svrakic DM, Przybeck TR (1993) A psychobiological model
of temperament and character. Arch Gen Psychiatry 50:975-989

Cohen NJ, Ryan J, Hunt C, Romine L, Wszalek T, Nash C (1999)
Hippocampal system and declarative (relational) memory: summarizing the

data from functional neuroimaging studies. Hippocampus 9:83-98

Comoli E, Coizet V, Boyes J, Bolam JP, Canteras NS, Quirk RH, Overton
PG, Redgrave P (2003) A direct projection from superior colliculus to

substantia nigra for detecting salient visual events. Nat Neurosci 6:974-980

Cools R, Clark L, Owen AM, Robbins TW (2002) Defining the neural
mechanisms of probabilistic reversal learning using event-related functional

magnetic resonance imaging. J Neurosci 22:4563-4567

Corbetta M, Shulman GL (2002) Control of goal-directed and stimulus-
driven attention in the brain. Nat Rev Neurosci 3:201-215

Daffner KR, Mesulam MM, Scinto LF, Acar D, Calvo V, Faust R, Chabrerie
A, Kennedy B, Holcomb P (2000) The central role of the prefrontal cortex in
directing attention to novel events. Brain 123: 927— 939

Dale A, Buckner R (1997) Selective averaging of rapidly presented individual
trials using fMRI. Hum Brain Mapp 5:329-340.



Appendix 118

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

De Araujo IE, Rolls ET, Kringelbach ML, McGlone F, Phillips N (2003a)
Taste-olfactory convergence, and the representation of the pleasantness of
flavour, in the human brain. Eur J Neurosci 18:2059-2068

De Araujo IE, Kringelbach ML, Rolls ET, McGlone F (2003b) Human
cortical responses to water in the mouth, and the effects of thirst. J
Neurophysiol 90:1865-1876

Downar J, Crawley AP, Mikulis DJ, Davis KD (2000) A multimodal cortical
network for the detection of changes in the sensory environment. Nat
Neurosci 3:277-283

Downar J, Crawley AP, Mikulis DJ, Davis KD (2001) The effect of task
relevance on the cortical response to changes in visual and auditory stimuli:
an event-related fMRI study. Neuroimage 14:1256-1267

Downar J, Crawley AP, Mikulis DJ, Davis KD (2002) A cortical network
sensitive to stimulus salience in a neutral behavioral context across multiple

sensory modalities. J Neurophysiol 87:615-620

Duvernoy HM, Bourgouin P, Cabanis EA, Cattin F, Guyot J, Iba-Zizen MT,
Maeder P, Parratte B, Tatu L, Vuillier F, Vannson JL (1999) The human
brain: surface, three-dimensional sectional anatomy with MRI, and blood
supply. Second, completely revised and enlarged edition. Springer- Verlag,
Wien, New York

Eblen F, Graybiel AM (1995) Highly restricted origin of prefrontal cortical
inputs to striosomes in the macagque monkey. J Neurosci 15:5999-6013

Elliott R, Friston KJ, Dolan RJ (2000a) Dissociable neural responses in
human reward systems. J Neurosci 20:6159-6165



Appendix 119

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

Elliott R, Dolan RJ, Frith CD (2000b) Dissociable functions in the medial and
lateral orbitofrontal cortex: evidence from human neuroimaging studies.
Cereb Cortex 10:308-317

Elliott R, Rubinsztein JS, Sahakian BJ, Dolan RJ (2002) The neural basis of
mood-congruent processing biases in depression. Arch Gen Psychiatry
59:597-604

Elliott R, Newman JL, Longe OA, Deakin JF (2003) Differential response
patterns in the striatum and orbitofrontal cortex to financial reward in
humans: a parametric functional magnetic resonance imaging study. J
Neurosci 23:303-307

Elliott R, Newman JL, Longe OA, William Deakin JF (2004) Instrumental
responding for rewards is associated with enhanced neuronal response in

subcortical reward systems. Neuroimage 21:984-990

Elliott R, Deakin B (2005) Role of the orbitofrontal cortex in reinforcement
processing and inhibitory control: evidence from functional magnetic
resonance imaging studies in healthy human subjects. Int Rev Neurobiol
65:89-116

Ernst M, Nelson EE, Jazbec S, McClure EB, Monk CS, Leibenluft E, Blair J,
Pine DS (2005) Amygdala and nucleus accumbens in responses to receipt and
omission of gains in adults and adolescents. Neuroimage 25:1279-1291

Escera C, Alho K, Winkler I, Naatanen R (1998) Neural mechanisms of
involuntary attention to acoustic novelty and change. J Cogn Neurosci
10:590-604

Fellows LK, Farah MJ (2003) Ventromedial frontal cortex mediates affective
shifting in humans: evidence from a reversal learning paradigm. Brain.
126:1830-1837



Appendix 120

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

Frackowiak RSJ, Friston KJ, Frith C, Dolan R, Price CJ, Zeki S, Ashburner J,
Penny WD (2003) Human Brain Function. 2nd edition. Academic Press,
London

Francis S, Rolls ET, Bowtell R, McGlone F, O'Doherty J, Browning A, Clare
S, Smith E (1999) The representation of pleasant touch in the brain and its

relationship with taste and olfactory areas. Neuroreport 10:453-459

Freedman M, Black S, Ebert P, Binns M (1998) Orbitofrontal function, object
alternation and perseveration. Cereb Cortex 8:18-27

Frey S, Petrides M (2000) Orbitofrontal cortex: A key prefrontal region for
encoding information. Proc Natl Acad Sci U S A 97:8723-8727

Frey S, Kostopoulos P, Petrides M (2000) Orbitofrontal involvement in the

processing of unpleasant auditory information. Eur J Neurosci 12:3709-3712

Frey S, Petrides M (2002) Orbitofrontal cortex and memory formation.
Neuron 36:171-176

Frey S, Petrides M (2003) Greater orbitofrontal activity predicts better
memory for faces. Eur J Neurosci 17:2755-2758

Friston KJ (1997) Imaging cognitve anatomy. Trends Cogn Sci 1:21-27

Friston KJ (2003) Introduction. Experimental design and Statistical
Parametric Mapping. In: Frackowiak RSJ, Friston KJ, Frith C, Dolan R, Price
CJ, Zeki S, Ashburner J, Penny WD (eds) Human Brain Function. 2nd
edition. Academic Press, London; Online access: http://www.fil.ion.
ucl.ac.uk/spm/doc/intro/

Fuster JM (1997) The prefrontal cortex. 3rd ed. Raven Press, New York



Appendix 121

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

Galvan A, Hare TA, Davidson M, Spicer J, Glover G, Casey BJ (2005) The
role of ventral frontostriatal circuitry in reward-based learning in humans. J
Neurosci 25:8650-8656

Garavan H, Pendergrass JC, Ross TJ, Stein EA, Risinger RC (2001)
Amygdala response to both positively and negatively valenced stimuli.
Neuroreport 12:2779-2783

Garavan H, Ross TJ, Kaufman J, Stein EA (2003) A midline dissociation
between error-processing and response-conflict monitoring. Neuroimage
20:1132-1139

Gazzaley A, Cooney JW, McEvoy K, Knight RT, D'Esposito M (2005) Top-
down enhancement and suppression of the magnitude and speed of neural
activity. J Cogn Neurosci 17:507-517

Goschke T (2003) Voluntary action and cognitive control from a cognitive
neuroscience perspective. In: Maasen S, Prinz W, Roth G (eds) Voluntary
action: Brains, minds, and sociality. Oxford University Press, Oxford, pp. 49—
85

Gottfried JA, O'Doherty J, Dolan RJ (2002) Appetitive and aversive olfactory
learning in humans studied using event-related functional magnetic resonance
imaging. J Neurosci 22:10829-10837

Gottfried JA, O'Doherty J, Dolan RJ (2003) Encoding predictive reward

value in human amygdala and orbitofrontal cortex. Science 301:1104-1107

Gruber O, Schlueter EK, Kirchenbauer L (2006, in prep.) Modulation of
regional brain activations through the behavioral relevance of low-frequency

events.



Appendix 122

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

Haber SN, Kunishio K, Mizobuchi M, Lynd Balta E (1995) The orbital and
medial prefrontal circuit through the primate basal ganglia. J Neurosci
15:4851-4867

Halgren E, Marinkovic K, (1996) General principles for the physiology of
cognition as suggested by intracranial ERPs. In: Ogura C, Koga Y,
Shimokochi M (eds) Recent Advances in Event-Related Brain Potential
Research. Elsevier, Amsterdam, NY, pp 1072- 1084

Hoge RD, Pike GB (2002) Quantitative measurement using MRI. In : Jezzard
P, Matthews PM, Smith S (eds) Functional MRI. An introduction to methods.
Oxford University Press, Oxford, pp.159-174

Hornak J, Bramham J, Rolls ET, Morris RG, O'Doherty J, Bullock PR,
Polkey CE (2003) Changes in emotion after circumscribed surgical lesions of
the orbitofrontal and cingulate cortices. Brain 126:1691-1712

Hornak J, O'Doherty J, Bramham J, Rolls ET, Morris RG, Bullock PR,
Polkey CE (2004) Reward-related reversal learning after surgical excisions in
orbito-frontal or dorsolateral prefrontal cortex in humans. J Cogn Neurosci
16:463-478

Horvitz JC (2000) Mesolimbocortical and nigrostriatal dopamine responses to

salient non-reward events. Neuroscience 96:651-656

Horvitz JC (2002) Dopamine gating of glutamatergic sensorimotor and
incentive motivational input signals to the striatum. Behav Brain Res 137:65-
74

Houston JM, Farese D, La Du TJ (1992) Assessing competitiveness: A
validation study of the competitiveness index. Pers Individ Dif 13:1153-1156



Appendix 123

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

Huettel SA, McCarthy G (2004) What is odd in the oddball task? Prefrontal
cortex is activated by dynamic changes in response strategy.
Neuropsychologia 42:379-386

Ikai Y, Takada M, Shinonaga Y, Mizuno N (1992) Dopaminergic and non-
dopaminergic neurons in the ventral tegmental area of the rat project,
respectively, to the cerebellar cortex and deep cerebellar nuclei. Neuroscience
51:719-728

Izquierdo A, Suda RK, Murray EA (2004) Bilateral orbital prefrontal cortex
lesions in rhesus monkeys disrupt choices guided by both reward value and

reward contingency. J Neurosci 24:7540-7548

Jezzard P, Clare S (2002) Principles of nuclear magnetic resonance and MRI.
In : Jezzard P, Matthews PM, Smith S (eds) Functional MRI. An introduction
to methods. Oxford University Press, Oxford, pp 67-92

Kalivas PW, Nakamura M (1999) Neural systems for behavioral activation
and reward. Curr Opin Neurobiol 9:223-227

Kalivas PW, Volkow ND (2005) The neural basis of addiction: a pathology
of motivation and choice. Am J Psychiatry 162:1403-1413

Kiehl KA, Laurens KR, Duty TL, Forster BB, Liddle PF (2001a) Neural
sources involved in auditory target detection and novelty processing: an
event-related fMRI study. Psychophysiology 38:133-142

Kiehl KA, Laurens KR, Duty TL, Forster BB, Liddle PF (2001b) An Event-
Related fMRI Study of Visual and Auditory Oddball Tasks. J Psychophysiol
15:221-240

Kiehl KA, Stevens MC, Laurens KR, Pearlson G, Calhoun VD, Liddle PF
(2005a) An adaptive reflexive processing model of neurocognitive function:



Appendix 124

[87]

[88]

[89]

[90]

[91]

[92]

[93]

supporting evidence from a large scale (n = 100) fMRI study of an auditory
oddball task. Neuroimage 25:899-915

Kiehl KA, Stevens MC, Celone K, Kurtz M, Krystal JH (2005b) Abnormal
hemodynamics in schizophrenia during an auditory oddball task. Biol
Psychiatry 57:1029-1040

Kirino E, Belger A, Goldman-Rakic P, McCarthy G (2000) Prefrontal
activation evoked by infrequent target and novel stimuli in a visual target
detection task: an event-related functional magnetic resonance imaging study.
J Neurosci 20:6612-6618

Kirsch P, Schienle A, Stark R, Sammer G, Blecker C, Walter B, Ott U,
Burkart J, Vaitl D (2003) Anticipation of reward in a nonaversive differential
conditioning paradigm and the brain reward system: an event-related fMRI
study. Neuroimage 20: 1086-1095

Knutson B, Adams CM, Fong GW, Hommer D (2001a) Anticipation of
increasing monetary reward selectively recruits nucleus accumbens. J
Neurosci 21(RC159): 1-5

Knutson B, Fong GW, Adams CM, Varner JL, Hommer D (2001b)
Dissociation of reward anticipation and outcome with event-related fMRI.
Neuroreport 12:3683-3687

Knutson B, Fong GW, Bennett SM, Adams CM, Hommer D (2003) A region
of mesial prefrontal cortex tracks monetarily rewarding outcomes:

characterization with rapid event-related fMRI. Neuroimage 18:263-272

Kohler W, Schachtel G, Voleske P (1996) Biostatistik, Einfuhrung in die
Biometrie fir Biologen und Agrarwissenschaftler. Zweite, aktualisierte und

erweiterte Auflage. Springer-Verlag, Berlin



Appendix 125

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

Kringelbach ML (2004) Food for thought: hedonic experience beyond

homeostasis in the human brain. Neuroscience 126:807-819

Kringelbach ML (2005) The human orbitofrontal cortex: linking reward to

hedonic experience. Nat Rev Neurosci 6:691-702

Kringelbach ML, Rolls ET (2003) Neural correlates of rapid reversal learning
in a simple model of human social interaction. Neuroimage 20:1371-1383

Kringelbach ML, O'Doherty J, Rolls ET, Andrews C (2003) Activation of the
human orbitofrontal cortex to a liquid food stimulus is correlated with its

subjective pleasantness. Cereb Cortex 13:1064-1071

Kringelbach ML, Rolls ET (2004) The functional neuroanatomy of the
human  orbitofrontal cortex: evidence from neuroimaging and

neuropsychology. Prog Neurobiol 72:341-372

LaBar KS, Phelps EA (2005) Reinstatement of conditioned fear in humans is

context dependent and impaired in amnesia. Behav Neurosci 119: 677-686

LaBar KS, Cabeza R (2006) Cognitive neuroscience of emotional memory.
Nat Rev Neurosci 7:54-64

Lacourse MG, Orr EL, Cramer SC, Cohen MJ (2005) Brain activation during
execution and motor imagery of novel and skilled sequential hand

movements. Neuroimage 27:505-559

Lamprecht J (1999): Biologische Forschung: Von der Planung bis zur
Publikation. Filander Verlag, Furth

Lewis PA, Critchley HD, Rotshtein P, Dolan RJ (2006) Neural Correlates of
Processing Valence and Arousal in Affective Words. Cereb Cortex Electronic
publication ahead of print.



Appendix 126

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

Liberzon I, Phan KL, Decker LR, Taylor SF (2003) Extended amygdala and
emotional salience: a PET activation study of positive and negative affect.

Neuropsycho-pharmacology 28:726-733

Linden DE, Prvulovic D, Formisano E, Vollinger M, Zanella FE, Goebel R,
Dierks T (1999) The functional neuroanatomy of target detection: an fMRI
study of visual and auditory oddball tasks. Cereb Cortex 9(8):815-823

Macmillan M (2000) Restoring Phineas Gage: a 150th retrospective. J Hist
Neurosci. 2000 9:46-66

Maldjian JA, Laurienti PJ, Burdette JB, Kraft RA (2003) An automated
method for neuroanatomic and cytoarchitectonic atlas-based interrogation of
fMRI data sets. Neuroimage 19:1233-1239

Marois R, Leung HC, Gore JC (2000) A stimulus-driven approach to object
identity and location processing in the human brain. Neuron 25:717-728

Matthews PM (2002) An introduction to functional magnetic resonance
imaging of the brain. In : Jezzard P, Matthews PM, Smith S (eds) Functional
MRI. An introduction to methods. Oxford University Press, Oxford, pp. 3-34

McCarthy G, Luby M, Gore J, Goldman-Rakic P (1997) Infrequent events
transiently activate human prefrontal and parietal cortex as measured by
functional MRI. J Neurophysiol 77:1630-1634

McClure SM, York MK, Montague PR (2004a) The neural substrates of
reward processing in humans: the modern role of FMRI. Neuroscientist
10:260-268

McClure EB, Monk CS, Nelson EE, Zarahn E, Leibenluft E, Bilder RM,
Charney DS, Ernst M, Pine DS (2004b) A developmental examination of
gender differences in brain engagement during evaluation of threat. Biol
Psychiatry 55:1047-1055



Appendix 127

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

Menon V, Ford JM, Lim KO, Glover GH, Pfefferbaum A (1997) Combined
event-related fMRI and EEG evidence for temporal-parietal cortex activation

during target detection. Neuroreport 8:3029-3037

Menon V, Levitin DJ (2005) The rewards of music listening: response and
physiological connectivity of the mesolimbic system. Neuroimage 28:175-
184.

Mesulam MM, Mufson EJ (1982) Insula of the old world monkey. IIl
Efferent cortical output and comments on function. J Comp Neurol 212:38—
52

Miezin FM, Maccotta L, Ollinger JM, Petersen SE, Buckner RL (2000)
Characterizing the hemodynamic response: effects of presentation rate,
sampling procedure, and the possibility of ordering brain activity based on

relative timing. Neuroimage 11:735-759

Milham MP, Banich MT (2005) Anterior cingulate cortex: an fMRI analysis
of conflict specificity and functional differentiation. Hum Brain Mapp
25:328-335

Montague PR, Berns GS (2002) Neural economics and the biological

substrates of valuation. Neuron 36:265-284

Morris JS, Dolan RJ (2001) Involvement of human amygdala and
orbitofrontal cortex in hunger-enhanced memory for food stimuli. J Neurosci
21:5304-5310

Morris JS, Dolan RJ (2004) Dissociable amygdala and orbitofrontal

responses during reversal fear conditioning. Neuroimage 22:372-380

Mulert C, Jager L, Schmitt R, Bussfeld P, Pogarell O, Moller HJ, Juckel G,
Hegerl U (2004) Integration of fMRI and simultaneous EEG: towards a



Appendix 128

[122]

[123]

[124]

[125]

[126]

[127]

[128]

comprehensive understanding of localization and time-course of brain

activity in target detection. Neuroimage 22:83-94

Né&atanen R (1990) The role of attention in auditory information processing as
revealed by event-related potentials and other brain measures of cognitive
function. Behav Brain Sci 13:201-288

Nagahama Y, Okada T, Katsumi Y, Hayashi T, Yamauchi H, Sawamoto N,
Toma K, Nakamura K, Hanakawa T, Konishi J, Fukuyama H, Shibasaki H
(1999) Transient neural activity in the medial superior frontal gyrus and
precuneus time locked with attention shift between object features.
Neuroimage; 10:193-199

Nobre AC, Coull JT, Frith CD, Mesulam MM (1999) Orbitofrontal cortex is
activated during breaches of expectation in tasks of visual attention. Nat
Neurosci 2:11-12

O'Doherty JP (2004) Reward representations and reward-related learning in
the human brain: insights from neuroimaging. Curr Opin Neurobiol 14:769-
776

O'Doherty J, Rolls ET, Francis S, Bowtell R, McGlone F, Kobal G, Renner
B, Ahne G (2000) Sensory-specific satiety-related olfactory activation of the
human orbitofrontal cortex. Neuroreport 11:893-897

O'Doherty J, Kringelbach ML, Rolls ET, Hornak J, Andrews C (2001)
Abstract reward and punishment representations in the human orbitofrontal
cortex. Nat Neurosci 4:95-102

O'Doherty JP, Deichmann R, Critchley HD, Dolan RJ (2002) Neural

responses during anticipation of a primary taste reward. Neuron 33:815-826



Appendix 129

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

O'Doherty J, Critchley H, Deichmann R, Dolan RJ (2003) Dissociating
valence of outcome from behavioral control in human orbital and ventral
prefrontal cortices. J Neurosci 23:7931-7939

O'Doherty J, Dayan P, Schultz J, Deichmann R, Friston K, Dolan RJ (2004)
Dissociable roles of ventral and dorsal striatum in instrumental conditioning.
Science 304:452-454

Ogawa S, Menon RS, Tank DW, Kim SG, Merkle H, Ellermann JM, Ugurbil
K (1993) Functional brain mapping by blood oxygenation level-dependent
contrast magnetic resonance imaging. A comparison of signal characteristics
with a biophysical model. Biophys J 64:803-812

Ongir D, Price JL (2000) The organization of networks within the orbital and
medial prefrontal cortex of rats, monkeys and humans. Cereb Cortex 10:206-
219

Pauling L, Coryell CD (1936) The magnetic properties and structure of
hemoglobin, oxyhemoglobin and carbonmonoxyhemoglobin. Proc Natl Acad
Sci U S A22:210-216

Petrides M, Alivisatos B, Frey S (2002) Differential activation of the human
orbital, mid-ventrolateral, and mid-dorsolateral prefrontal cortex during the
processing of visual stimuli. Proc Natl Acad Sci U S A 99:5649-5654

Phan KL, Wager TD, Taylor SF, Liberzon I (2004) Functional neuroimaging
studies of human emotions. CNS Spectr 9:258-266

Pollmann S, Lepsien J, Hugdahl K, von Cramon DY (2004) Auditory target
detection in dichotic listening involves the orbitofrontal and hippocampal
paralimbic belts. Cereb Cortex 14:903-913



Appendix 130

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

Ramnani N, Elliott R, Athwal BS, Passingham RE (2004) Prediction error for
free monetary reward in the human prefrontal cortex. Neuroimage 23:777-
786

Ravel S, Legallet E, Apicella P (1999) Tonically active neurons in the
monkey striatum do not preferentially respond to appetitive stimuli. Exp
Brain Res 128:531-534

Ravel S, Legallet E, Apicella P (2003) Responses of tonically active neurons
in the monkey striatum discriminate between motivationally opposing
stimuli. J Neurosci 23:8489-8497

Redgrave P, Prescott TJ, Gurney K (1999a) Is the short-latency dopamine

response too short to signal reward error? Trends Neurosci 22:146-151

Redgrave P, Prescott TJ, Gurney K (1999b) The basal ganglia: a vertebrate
solution to the selection problem? Neuroscience 89:1009-1023

Rees G, Friston K, Koch C (2000) A direct quantitative relationship between
the functional properties of human and macaque V5. Nat Neurosci 3:716-723

Rempel-Clower NL, Barbas H (1998) Topographic organization of
connections between the hypothalamus and prefrontal cortex in the rhesus
monkey. J Comp Neurol 398:393-419

Richter J, Eisemann M, Richter G, Cloninger CR (1999) Das Temperament
und Charakter Inventar (TCI). Ein Leitfaden ber seine Entwicklung und

Anwendung. Swets Test Services, Frankfurt/M

Rizzolatti G, Camarda R, Fogassi L, Gentilucci M, Luppino G, Matelli M
(1988) Functional organization of inferior area 6 in the macaque monkey.

Area F5 and the control of distal movements. Exp Brain Res 71:491-507



Appendix 131

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

Robbins TW, Everitt BJ (1996) Neurobehavioural mechanisms of reward and
motivation. Curr Opin Neurobiol 6:228-236

Rolls ET (1999) The Brain and Emotion. Oxford University Press, Oxford

Rolls ET (2004) The functions of the orbitofrontal cortex. Brain Cogn 55:11-
29

Rolls ET, Hornak J, Wade D, McGrath J (1994) Emotion-related learning in
patients with social and emotional changes associated with frontal lobe

damage. J Neurol Neurosurg Psychiatry 57:1518-1524

Rolls ET, Critchley HD, Mason R, Wakeman EA (1996) Orbitofrontal cortex
neurons: role in olfactory and visual association learning. J Neurophysiol
75:1970-1981

Rolls ET, Kringelbach ML, de Araujo IE (2003) Different representations of
pleasant and unpleasant odours in the human brain. Eur J Neurosci 18:695-
703

Rolls ET, Browning AS, Inoue K, Hernadi | (2005) Novel visual stimuli
activate a population of neurons in the primate orbitofrontal cortex. Neurobiol
Learn Mem 84:111-123

Rosen BR, Buckner RL, Dale AM (1998) Event-related functional MRI: past,
present, and future. Proc Natl Acad Sci U S A 95:773-780

Rugg MD, Fletcher PC, Chua PM, Dolan RJ (1999) The role of the prefrontal
cortex in recognition memory and memory for source: an fMRI study.
Neuroimagel0:520-529

Sander D, Grafman J, Zalla T (2003) The human amygdala: an evolved
system for relevance detection. Rev Neurosci 14:303-316



Appendix 132

[156]

[157]

[158]

[159]

[160]

[161]

[162]

[163]

[164]

Sabri M, Radnovich AJ, Li TQ, Kareken DA (2005) Neural correlates of
olfactory change detection. Neuroimage 25:969-974

Schlueter EK, Gruber O, Falkai P (2006, accepted) Neural correlates of
cognitive deficits in psychiatric disorders: Reward processing and decision-

making. Psychosocial Medicine

Schnider A, Treyer V, Buck A (2000) Selection of currently relevant
memories by the human posterior medial orbitofrontal cortex. J Neurosci
20:5880-5884

Schnider A, Treyer V, Buck A (2005) The human orbitofrontal cortex
monitors outcomes even when no reward is at stake. Neuropsychologia
43:316-323

Schoenbaum G, Chiba AA, Gallgher M (1998) Orbitofrontal cortex and
basolateral amygdala encode expected outcomes during learning. Nat
Neuroscience 1:155-159

Schoenbaum G, Setlow B (2001) Integrating orbitofrontal cortex into
prefrontal theory: common processing themes across species and
subdivisions. Learn Mem 8:134-147

Schoenbaum G, Roesch MR, Stalnaker TA (2006) Orbitofrontal cortex,
decision-making and drug addiction. Trends Neurosci 29:116-124

Schultz W (2000) Multiple reward signals in the brain. Nat Rev Neurosci
1:199-207

Small DM, Zatorre RJ, Dagher A, Evans AC, Jones-Gotman M (2001)
Changes in brain activity related to eating chocolate: from pleasure to
aversion. Brain 124:1720-1733



Appendix 133

[165]

[166]

[167]

[168]

[169]

[170]

[171]

[172]

[173]

Smith AP, Stephan KE, Rugg MD, Dolan RJ (2006) Task and content
modulate amygdala-hippocampal connectivity in emotional retrieval. Neuron
49:631-638

Sokolov EN (1963) Higher nervous functions: the orienting reflex. Annu Rev
Physiol 25:545-580

Stevens MC, Calhoun VD, Kiehl KA (2005) fMRI in an oddball task: effects
of target-to-target interval. Psychophysiology 42:636-642

Sussman E, Sheridan K, Kreuzer J, Winkler 1 (2003) Representation of the
standard: stimulus context effects on the process generating the mismatch
negativity component of event-related brain potentials. Psychophysiology
40:465-471

Tabbert K, Stark R, Kirsch P, Vaitl D (2005) Hemodynamic responses of the
amygdala, the orbitofrontal cortex and the visual cortex during a fear

conditioning paradigm. Int J Psychophysiol 57:15-23

Thiel CM, Zilles K, Fink GR (2004) Cerebral correlates of alerting, orienting
and reorienting of visuospatial attention: an event-related fMRI study.
Neuroimage 21:318-328

Thompson R F (2001) Das Gehirn: Von der Nervenzelle zur
Verhaltenssteuerung. Spektrum, Heidelberg Berlin

Thut G, Schultz W, Roelcke U, Nienhusmeier M, Missimer J, Maguire RP,
Leenders KL (1997) Activation of the human brain by monetary reward.
Neuroreport 8:1225-1228

Tobler PN, O'Doherty JP, Dolan RJ, Schultz W (2006) Human neural
learning depends on reward prediction errors in the blocking paradigm. J
Neurophysiol 95:301-310



Appendix 134

[174]

[175]

[176]

[177]

[178]

[179]

[180]

[181]

[182]

Tremblay L, Schultz W (1999) Relative reward preference in primate
orbitofrontal cortex. Nature 398:704-708

Trepel M (2004). Neuroanatomie. Struktur und Funktion. 3. Auflage. Urban

& Fischer, Miinchen, Jena

Treyer V, Buck A, Schnider (2003) Subcortical loop activation during
selection of currently relevant memories. J Cogn Neurosci 15:610-618

Tzourio-Mazoyer N, Landeau B, Papathanassiou D, Crivello F, Etard O,
Delcroix N, Mazoyer B, Joliot M (2002) Automated anatomical labeling of
activations in SPM using a macroscopic anatomical parcellation of the MNI
MRI single-subject brain. Neuroimage 15:273-289

Ullsperger M, von Cramon DY (2001) Subprocesses of performance
monitoring: a dissociation of error processing and response competition
revealed by event-related fMRI and ERPs. Neuroimage 14:1387-1401

Van Hoesen GW, Morecraft RJ, Vogt BA (1993) Connections of the monkey
cingulate cortex. In: Vogt BA, Gabriel M. (eds) The neurobiology of the
cingulate cortex and limbic thalamus: a comprehensive handbook.
Birkh&user, Boston, pp 249-284

VanRullen R (2003) Visual saliency and spike timing in the ventral visual
pathway. J Physiol Paris 97:365-377

Vuilleumier P, Richardson MP, Armony JL, Driver J, Dolan RJ (2004)
Distant influences of amygdala lesion on visual cortical activation during

emotional face processing. Nat Neurosci 7:1271-1278

Weishaupt D, Kdochli VD, Marincek B (2006) Wie funktioniert MRI?
Springer- Verlag, Berlin



Appendix 135

[183]

[184]

[185]

[186]

[187]

[188]

[189]

[190]

Whalen, PJ (1998) Fear, vigilance, and ambiguity: Initial neuroimaging

studies of the human amygdala. Current Dir Psychol Sci 7:177-188

Williams LM (2006) An integrative neuroscience model of "significance"

processing. J Integr Neurosi 5:1-47

Williams LM, Brammer MJ, Skerrett D, Lagopolous J, Rennie C, Kozek K,
Olivieri G, Peduto T, Gordon E (2000) The neural correlates of orienting: an
integration of fMRI and skin conductance orienting. Neuroreport 11:3011-
3015

Yantis S, Serences JT (2003) Cortical mechanisms of space-based and object-
based attentional control. Curr Opin Neurobiol 13:187-193

Zalla T, Koechlin E, Pietrini P, Basso G, Aquino P, Sirigu A, Grafman J
(2000) Differential amygdala responses to winning and losing: a functional
magnetic resonance imaging study in humans. Eur J Neurosci 12:1764-1770

Zimmer R (2004) Zwangsstorungen. In: Foérstl H (eds) Frontalhirn.
Funktionen und Erkrankungen. Springer-Verlag, Berlin, pp 293-320

Zink CF, Pagnoni G, Martin ME, Dhamala M, Berns GS (2003) Human

striatal response to salient nonrewarding stimuli. J Neurosi 23:8092-8097

Zink CF, Pagnoni G, Martin-Skurski ME, Chappelow JC, Berns GS (2004)
Human striatal responses to monetary reward depend on saliency. Neuron
42:509-517



Appendix

136

2. List of abbreviations

ANOVA
BIC
BOLD
Cl

CRs

EPI

ER

fMRI
FWE-correction
FWHM
GLM
GRF

'H

MNI

NC

OFC

PC

PET
pre-SMA
RC

RTs

SD
SMA
SPM2
T1

T2

T2*

TCI
TPJ

analysis of variance

brain imaging center

blood oxygen level dependent
competitiveness index

correct responses

echo-planar image

event-related

functional magnetic resonance imaging
family-wise-error correction

full-width half-maximum

general linear model

gaussian random fields

hydrogen

Montreal Neurological Institute
neurological convention

orbitofrontal cortex

personal computer

positron emission tomography
pre-supplementary motor area
radiological convention

reaction times

standard deviation

supplementary motor area

statistical parametric mapping
longitudinal relaxation time
component of the transversal relaxation
time (p. 31)

component of the transversal relaxation
time (p. 31)

temperament and character inventory

temporoparietal junction



Appendix 137

voxel volume element

VTA ventral tegmental area



Appendix

138

3. List of figures

Figure 1:

Figure 2:

Figure 3:

Figure 4:

Figure 5:
Figure 6:
Figure 7:

Figure 8:
Figure 9:

Figure 10:
Figure 11:
Figure 12:
Figure 13:
Figure 14:

Figure 15:

Figure 16:

Figure 17:

Activations from studies reviewed in the meta-analysis
by Kringelbach & Rolls (2004).

Regions commonly observed in target-detection in the
oddball paradigm.

A selection of studies showing posterior orbitofrontal
activations in association with different forms of
salient (behaviorally relevant) events.

Schematic representation of the common features of the

fMRI BOLD response to a period of neuronal stimulation.

Example of experimental trial sequence.

Cues of color and shape task.

Button box and the respective fingers used for execution
of the manual response.

Siemens MRT Allegra Scanner in BIC (Frankfurt/Main)
Oddball effect and effect of reward in the shape task I.
Oddball effect and effect of reward in the shape task II.

Temperament dimensions of the TCI (Cloninger et al., 1993).

Gender differences in competitiveness.

Oddball effects displayed on the rendered surface of the
standard MNI-template at P< 0.005, uncorrected.
Orbitofrontal activations associated with different forms
of motivational significance (at P<0.005, uncorrected).
Activations of deep gray nuclei (P<0.005, uncorrected,
marked by crosshairs).

Activations selective for infrequent events with a
reward association when compared to relevant oddball
events without such an association.

A heuristic model of orbitofrontal function.

.21

.25

.28

.34

p. 43

©

T T T T T T

.44

.46

47

.95

.95

. 56

. 56

. 63

. 67

. 68

.70

p. 94



Appendix 139

4. List of tables

Table 1:  Neural activations evoked by irrelevant oddballs p. 59
Table 2: Neural activations evoked by behaviorally relevant oddballs pp. 61
Table 3: Neural activations evoked by different forms of behavioral

relevance pp. 64
Table 4:  Comparison of activations found in Gruber et al. (2006, in prep.)

and those for behavioral relevance of infrequency detected

in the present study p. 79



Appendix 140

5. Publications

5.1

[1]

[2]

[3]

5.2

[1]

[2]

[3]

5.3

[1]

Research articles

Gruber O, Karch S, Schlueter EK, Falkai P, Goschke T (2006) Neural
mechanisms of advance preparation in task switching. Neuroimage 31: 887-
895

Gruber O, Schlueter EK, Kirchenbauer L (2006, in preparation) Modulation
of regional brain activations through the behavioral relevance of low-
frequency events.

Schlueter EK, Gruber O (2006, in preparation) Dissociating the neural

correlates of different types of biological significance.

Reviews

Schlueter EK, Gruber O, Falkai P (2006, accepted) Neural correlates of
cognitive deficits in psychiatric disorders: Reward processing and decision-
making. Psychosocial Medicine

Gruber O, Schlueter EK, Falkai P (2006, submitted for publication) Die
funktionelle Organisation des frontalen Kortex: Il. Ihre Relevanz fiir
psychiatrische Storungsbilder. Fortschritte der Neurologie - Psychiatrie.
Schlueter EK, Gruber O (2006, submitted for publication) Die funktionelle
Organisation des frontalen Kortex: 1. Grundlegende Erkenntnisse aus den

Systemischen Neurowissenschaften. Fortschritte der Neurologie - Psychiatrie

Published abstracts

Schluter E, Christiansen K, Knuth, UA (2003) Stress und Infertilitdt des
Mannes: Eine empirische Studie. In: Greil H, Scheffler C (Hrsg.)
Anthropologie der Geschlechter. Universitatsverlag Potsdam: Potsdam, p.
120



Appendix 141

[2]

[3]

[4]

5.4

[1]

[2]

[3]

Gruber O, Rosenblum K, Melcher T, Gruber E, Schluter EK, Scherk H,
Pajonk FG, Falkai P (2005) Experimental neuropsychological testing of
attentional and executive functions in the evaluation of pharmacological
treatment responses to methylphenidate in patients with adult ADHD.
Pharmacopsychiatry 38: 245

Schlueter EK, Kirchenbauer L, Melcher T, Gruber O (2005) Modulation of
regional brain activations through the behavioral relevance of low-frequency
events. Neuroimage 26, Suppl. 1: S53

Schlueter EK, Gruber O (2006) Dissociating the neural correlates of
different types of biological significance. Neuroimage 31, Suppl. 1: S156

Talks and poster presentations

Schluter E, Christiansen K, Knuth, UA (2003) Stress und Infertilitdt des
Mannes: Eine empirische Studie. Talk at the 5th congress of the
,.Gesellschaft fir Anthropologie* in Potsdam/Germany

Schlueter EK, Kirchenbauer L, Melcher T, Gruber O (2005) Modulation of
regional brain activations through the behavioral relevance of low-frequency
events. Posterpresentation at the 11™ conference of the Organization for Human
Brain Mapping in Toronto/Canada

Schlueter EK, Gruber O (2006) Dissociating the neural correlates of
different types of biological significance. Posterpresentation at the 11"

conference of the Organization for Human Brain Mapping in Florence/Italy



Appendix 142

6. Acknowledgements (Danksagung)

An erster Stelle mochte ich Herrn Prof. Dr. Oliver Gruber danken, der mir die
Madoglichkeit gegeben hat, als wissenschaftlicher ,,Quereinsteiger” im Bereich der
Neurowissenschaften heimisch zu werden und diese Promotion im Rahmen seines
DFG-Schwerpunktprogrammes SPP 1107 ,,Exekutive Funktionen® durchzufuhren.
Besonderer Dank gilt ihm dabei fir die umfassende Ausbildung in der Bearbeitung
neurowissenschaftlicher Fragestellungen sowie in der Erstellung neurowissen-
schaftlicher Publikationen. Auch fir seine konstruktive Kritik und wertvolle
Diskussionen im Hinblick auf mein erstes eigenes fMRT-Projekt méchte ich ihm
herzlich danken. Zudem verdanke ich Prof. Gruber auch die Madglichkeit zur
Teilnahme an internationalen neurowissenschaftlichen Kongressen sowie an
interdiszipliaren ,,.Summer Schools* der DFG, durch die ich wertvolle Anregungen

fir laufende und geplante fMRT-Projekte erhalten habe.

Ferner mdchte ich den Mitarbeitern des BIC Frankfurt/Main und dabei insbesondere
PD Dr. Notger Miller danken, deren Siemens MRT-Allgra-Scanner ich fir die
Datenerhebung nutzen durfte.

Zudem mdchte ich auch meiner Mutter Margitta Schliiter und ihrem Lebensgefahrten
Detlef Westphal danken, die mich mit all ihrer Liebe unterstiitzt haben, mir stets mit
Ratschldgen zur Seite standen und mir teilweise auch unter die Arme griffen, um
mein Leben und Arbeiten in Homburg mit Annehmlichkeiten, wie beispielsweise

einem eigenen PkW, angenehmer zu gestalten.

SchlieBlich danke ich meinem zukunftigen Ehemann Rolf Diekhoff. Fir Dein
unerschtterliches Vertrauen in mich und dieses Unterfangen ,,in der Fremde*, fur
Deine Féhigkeit, mich auch in ,dunklen Tagen*“ aufzufangen, und fir Deine
uneingeschrankte Liebe danke ich Dir Uber alles! Auch dafiir, dass ich Dich
»Zurticklassen* durfte und trotzdem nicht meine Heimat verlor, danke ich Dir. Ohne

Dich entbehrte dieses Wagnis jeglichen Sinnes. Ich liebe Dich!



Appendix

143

7. Curriculum Vitae (Lebenslauf)

Name:

Geburtstag:
Geburtsort:
Staatsangehdrigkeit:
Familienstand:
Eltern:

Schulbildung:

Studienverlauf:

Beruflicher Werdegang:

Awards:

Schluter, Esther Kristina

27. Juni 1977

Heide/ Holst.

Deutsch

ledig

Dr. Uwe Schliter (Zoologe; verstorben 1994)
Margitta Schlliter, geb. Jelinski (Zahntechnikerin)

1984 - 1988 Grundschule Ostrohe
1988 - 1997 Werner-Heisenberg-Gymnasium Heide
1997 Abitur im Juni 1997 (Note: 1,6)

1997 - 2003 Magisterstudium der biologischen
Anthropologie (Nebenfacher: Psychologie
und Ethnologie) an der Universitat Hamburg

2001 Auslandssemester am Anthropologischen
Institut der Universitat Zirich (Schweiz)

2003 Magisterabschluss mit Auszeichnung an der
Universitat Hamburg im Juli 2003

2004 Beginn des Promotionsstudiums an der

Universitat des Saarlandes im Oktober 2004

2002 - 2004 Studentische Mitarbeiterin am Picker Institut
Deutschland (gGmbH) in Hamburg (vom
01.10.2002 bis 31.05.2004)

2004 - 2006 Wissenschaftliche Mitarbeiterin in der AE
»Kognitive Neurowissenschaften in der
Psychiatrie des Universitatsklinikums des
Saarlandes (vom 01.07.2004 bis 31.08.2006)

2006 Wissenschaftliche Mitarbbeiterin in der Klinik
fiir Psychiatrie & Psychotherapie des
Universitatsklinikums Gottingen (seit dem
01.09.2006)

2005 Travel Award der “Organization for Human
Brain Mapping” (11.Kongress, Reisekosten)
2006 Travel Award der “Organization for Human

Brain Mapping” (12. Kongress, Reiskosten)



