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Introduction

With the exception of scant insights from
cerebral perfusion analyses and electro-
physiology, the large cortical region on
the medial side of the brain was bare-
ly understood in terms of its physiologi-
cal significance prior to the beginning of
this century. It was known that blood flow
in the medial frontal cortex is particular-
ly high under resting conditions, referred
to as“hyperfrontality” [40]. The readi-
ness potential had been discovered a few
years previously. This brain electrical ac-
tivity occurs in the medial frontal cortex
up to 2000 ms before an intended move-
ment and continues to build up until the
movement is carried out [28, 38]. The pi-
oneering work of Roland et al. [68] bore
out this finding, showing that the supple-
mentary motor area (SMA) located dor-
sally in the medial frontal cortex is not on-
ly involved in the performance of move-
ments, but that it is also active in the con-
ception of these movements. On the ba-
sis of these and other findings from hu-
man and experimental animal research
on primates Passingham and co-workers
[60] suggested that SMA is of critical im-
portance in the internal generation of ac-
tions. The medial frontal cortex attracted
attention—beyond its role in motor func-
tion—as a result of modern investigations
with functional imaging (Excursus 1). Ra-
ichle and co-workers [27] observed that
the spontaneously high activity in the me-
dial frontal cortex is reduced by targeted
performances in motor function and per-
ception. Thus these authors coined the
term‘default mode”. In subsequent years,
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numerous investigations using functional
imaging were published showing the me-
dial frontal cortex’s involvement in vari-
ous perceptive, action-oriented, cogni-
tive as well as emotional processes. In this
context, it has been shown in meta-anal-
yses that the ventral portion of the medi-
al frontal cortex is important in the reg-
ulation of emotional behaviour [24, 25]
and includes multiple sub-areas in its dor-
sal aspect which are associated with sub-
jective perspective [74, 88] (see @ Fig.1).

Human behaviour is based on percep-
tion and action. Since human action takes
places in the context of social relation-
ships, mental processes such as cognition
and emotion also play a role. Cognition
includes formal problem-solving, abstract
logic and creative thinking and is closely
associated with the concept of intelligence.
Emotions are mental processes that cause
moods and are perceived as affects. More-
over, man behaves according to individual
values and wishes, as well as cultural norms
[90]. This includes the acceptance of cate-
gories such as“good” and“bad” and mor-
al codes like“thou shalt not kill” or“once a
liar, always a liar”. In particular, humans
experience the reaction of their environ-
ment to their actions either as the physical
or mental laying down of boundaries or as
positive reinforcement. For the individual
acting in a social context, a third domain
is also involved, i.e. the subjective evalua-
tion of perceived information and the po-
tential consequences of one’s own actions
[76]. This third domain is based on the
subjective value matrix and includes the
valuation of information, subjective pref-
erence and the ensuing choice of alterna-

tive actions. Evaluating the intentions of
one’s counterpart and how they will re-
ceive one’s own actions forms the core of
social interaction.

Social interactions can be both linguis-
tic and non-verbal. Non-verbal informa-
tion can be transmitted to a counterpart
via both facial expressions and gestures,
or facial expressions and gestures can ac-
company verbal statements. These can al-
so be expressed in isolation. Humans have
the ability to understand facial expres-
sions and the symbolism of gestures. Thus
the“receiving agent” is able to perceive
the emotional status of the“transmitting
agent”. This process is referred to as em-
pathy [83]. Furthermore, the receiving
agent is able to put himself in the posi-
tion of the transmitting agent and thereby
understand the reasons for his behaviour.
This process is known as“theory of mind”
[19]. Thus, during these processes, not on-
ly are facial expressions and gestures ob-
served—they are also evaluated, interpret-
ed and internally simulated. The interest-
ing question about the cerebral process-
ing of these valuation processes represents
the focus of this article, whereby it will be
shown that the medial frontal cortex plays
a vital role in this context.

The action-perception cycle

Human behaviour is seen as a cybernet-
ic system made up of sensory input sig-
nals and motor functions in which a hi-
erarchical system of anatomical connec-
tions links perception and action [22, 26].
Even higher brain functions, such as ac-
tion planning and action conception, are
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Fig. 1 A Areas on the medial side of the brain which are associated with val-
uation functions. Dorsal areas according to a meta-analysis by Seitz et al.
[74], ventral area according to a meta-analysis by Grabenhorst and Rolls
[25]. SMA supplementary motor area, CA cingulate area, MD medial dorsal
area, s superior, a anterior, VM ventromedial prefrontal cortex. Intercommis-
sural lines through the anterior and posterior commissura and the coronary
level through the anterior commissura are shown
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Fig. 2 A Emotion recognition and empathy. a Sample faces. b Significant increase in the fMRI sig-
nal (p<0.05) in the medial dorsal frontal cortex compared with when searching for an object while
looking at the faces. ¢ Significant change in EEG activity when empathizing with emotion in the
time frame of 120-240 ms following exposure to the stimulus; colour coding according to the
t-value scale. d Localization of activation from a dorsal perspective of the brain [75]

reconcilable with this model. The experi-  Rizzolatti and co-workers [66] are of par-
mentally supported hypothesis of an over- ticular significance in that they were able
lap in motor conception and the perfor-  to show that primate neurons in the pre-

mance of an action followed this model = motor and inferior parietal cortex are ac-
[35]. In this regard, the investigations by  tive both in the performance of actions
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and in the perception of these actions.
Thus there is a link on the cellular level
for sensory-guided action, as for example
in tactile exploration. The human mirror
neuron system is based on these findings
[34]. According to Fuster, behavioural
control takes place at the highest level
in the frontal lobe [22], which comprises
parts hosting motor functions and parts
with complex behavioural control, the so-
called prefrontal cortex (see Excursus 2).

Experimental investigations by Preston
and deWaal [63] demonstrated that pri-
mates react to the behaviour of conspecif-
ics with either affection or aversion and
thus have insight into the emotional state
of conspecifics. This ability is regarded as
the capacity to understand the feelings of
counterparts and is associated with the
traditional concept of empathy [83]. In-
terestingly, empathy has been interpreted
in this regard as a manifestation of the ac-
tion-perception cycle [63]. Empathetic ex-
periences are also seen in humans and can
be qualified with scales [15]. Recent im-
aging investigations show that empathet-
ic experience is associated with a signifi-
cant increase in activity in the dorsal por-
tion of the medial frontal cortex located
close to the ventrally adjacent cingulate
gyrus [74]. Even the recognition of emo-
tional states in faces activates this region,
whereby it has been shown using multi-
channel electroencephalography that the
medial frontal cortex alters its activity sig-
nificantly as early as 120 ms after perceiv-
ing a face (@ Fig. 2). Empathy is also de-
scribed as an emotional perspective [80].
Insight into the actions of another person
involves understanding the reasons for
their actions. This mental process is re-
ferred to as“theory of mind”, or cognitive
perspective [19]. Using functional imaging
it could be shown that the anterior medi-
al frontal cortex is activated in this pro-
cess [89]. This extra-activation is clearly
related to the fact that the observed action
is attributed to another person, an“actor”
An example of this is shown in @ Fig. 3,
where a person’s observation of a ball be-
ing caught by a third person significantly
activates the anterior frontal cortex.

Thus in the human brain, subjective
perspective is based on events in one’s en-
vironment and on one’s own inner work-
ings. For this reason, the observation that



Abstract

perceiving the mental self activates the
medial frontal cortex is of great relevance
[58]. In contrast, the tempo-parietal tran-
sition area plays an important role in the
mediation of the sensory self when experi-
encing one’s own body in the environment
[19, 53, 61]. The mental self is based on so-
cial contexts; by reflecting on other targets
and motives one simulates these as if they
were one’s own. This enables a person to
evaluate and predict possible actions and
reactions [53]. So-called self-awareness in-
cludes the exciting phenomenon whereby
man is simultaneously the perceiver of his
state of mind or his own mental world and
the observer of this perception [59]. This
function, which also includes metamem-
ory, is associated with brain activity in
the medial frontal cortex and may be im-
paired in neurological patients [59]. Thus
the medial frontal cortex could make sub-
jective evaluation as an autonomous func-
tion system possible in addition to the ac-
tion-perception cycle.

Subjective evaluation

Man continuously evaluates his perceived
sensory stimuli in order to adjust his ac-
tions in a social context. This evaluation
function, which mediates a connection
between perception and action, can be in-
terpreted as a cognitive manifestation of
the mirror neuron system [76]. In a social
context, this evaluation is based primari-
ly on the facial expressions and gestures
of people in one’s vicinity. A brief expo-
sure to faces with emotional expressions
lasting 400 ms induces extensive activa-
tions, including the fusiform gyrus, which
is important to face perception [75]. Rec-
ognizing the emotional state observed in a
face and empathizing with this emotional
state leads to significant activation in the
left side of the inferior frontal cortex as
well as in the dorsomedial frontal cortex
(8 Fig. 2). In this context, the observation
that simply looking at emotional facial ex-
pressions and gestures is not the same as
recognizing an emotion in emotional fa-
cial expressions and gestures is crucial.
Whereas a person is an uninvolved ob-
server in the first case, he is the receiver
of non-verbally communicated emotion-
al information in the second and thus al-
so affected. Electroencephalographic re-

cordings in the same experimental per-
son under the same experimental con-
ditions have shown that brain activity al-
ters significantly in the medial frontal cor-
tex as early as 120 ms after being exposed
to a face (B Fig. 2). In contrast, evoked
electrical potential in the occipital-pari-
etal cortex during the perception of emo-
tional facial expressions and gestures al-
ters only after 150-170 ms [14, 71]. The ob-
servation that oscillatory gamma-band re-
sponses with a frequency of 30-80 Hz ap-
peared as early as after 60-120 ms during
asynchronous exposure to auditory and
visual stimuli in the medial frontal cortex
corresponds to the above findings on the
one hand, whereas they first occurred in
the occipital cortex after 60-120 ms [78].
This precision in temporal synchronicity
induces an early cross-modal interaction
in the medial frontal cortex. On the oth-
er hand, lesions in the medial frontal cor-
tex impair recognition of emotional fa-
cial expressions, which in itself is associ-
ated with modified levels of event-relat-
ed potentials following exposure to a face
[71]. Thus the medial frontal cortex influ-
ences information processing in the visu-
al cortex areas according to a“top-down”
mechanism [51]. Indeed, multivariate im-
age analyses have shown that the recog-
nition of emotional facial expressions is
based on a network of multiple cortical
and subcortical areas [57]. Thus subjective
evaluation influences how images or situ-
ations are perceived. For example, images
of subjectively tranquil scenes lead to in-
creased effective connectivity in the dor-
sal medial frontal cortex and auditory cor-
tex compared to subjectively loud scenes,
although the level of noise was compara-
ble [32]. Ultimately, subjective evaluation
is clearly relevant to behaviour, since, on
the one hand, the observation of social ex-
clusion causes activation of the dorsome-
dial frontal cortex, which has been asso-
ciated with prosocial behaviour [50]. Ac-
tivity in the medial frontal cortex in men-
tal state attribution to sexually appealing
images of women also correlated negative-
ly with high sexist values in the male per-
ceiver [6]. This was interpreted as a mech-
anism to dehumanize people. On the oth-
er hand, a visual choice paradigm demon-
strated that incorrectly associated activity
in the dorsomedial frontal cortex predicts
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Abstract

The role of the cortex at the medial aspect

of the frontal lobe for the subjective con-

trol of behaviour has been elaborated in re-
cent years. As apparent from meta-analy-

ses of functional imaging studies, the medi-
al frontal cortex accommodates critical nodes
in a caudo-rostral gradient that are involved
in the evaluation of sensorimotor, empathic
and abstract information. Brain electrical ac-
tivity was found to be changed in the medial
frontal cortex as early as 120 ms after stimu-
lus presentation in relation to the modulation
of perception. These functions become estab-
lished during adolescence, mediating subjec-
tive perspective in a social context. They are
most likely brought about by dedicated neu-
rons of the mirror neuron system, but sub-
cortical connections suggest a relationship to
the reward system. While lesions of the medi-
al frontal cortex such as brain infarction and
brain tumours are rare, impairments of me-
dial frontal cortex functions occur quite fre-
quently in neurological, psychiatric and psy-
chosomatic disorders. Essentially, the medial
frontal cortex is closely connected to the con-
cept of personality, opening up an approach
for an interdisciplinary scientific discourse.

Keywords
Frontal cortex - Perception-action - Social
context - Subjective perspective - Valuation
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Fig. 3 A Activation of the anterior medial frontal cortex (aMD) and the cortex around the intraparietal sulcus (IPS) while
watching a ball being caught by a third person (left) compared with the observer’s own perspective (right) [65]
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Fig. 4 A aThe perception of emblematic gestures with increased fMRI signal in the medial frontal cortex (MD) and the left in-
ferior frontal gyrus (/FG). b Emblematic gestures (G) activate the MD during the perception process, while neutral gestures (N)
and hand positions (P) fail to activate the MD during either the perception or the action process. ¢ In the IFG, emblematic ges-
tures during both perception and action processes lead to a significant increase in activity, which is likely an expression of the

significance coding in the mirror neuron system [44]

an increased response in perceptive areas
and reduced activity in motor areas [7].
The evaluation of emotionally lad-
en, so-called emblematic gestures also
leads to specific activation of the medi-
al frontal cortex. As in language, there is
a“transmitter”, who produces the emblem-
atic gesture, and the“receiver”, who has to
interpret the symbolic content of the ges-
ture. Using MR, it could be shown that
transmitter and receiver activate differ-
ent, yet partially overlapping, brain re-
gions during this process [44]. Howev-
er, when contrasting the brain activity
of the receiver with that of the transmit-
ter during the perception of emblematic
gestures, two specific regions are distinct
in the receiver, i.e. the left-sided inferior
frontal cortex and the dorsomedial frontal
cortex (B Fig.4). Regional analyses have
showed that this activation in the inferi-
or frontal cortex was specific for emblem-
atic gestures, since it occurred in both the
transmitter and the receiver, but not in the
case of arbitrary, neutral gestures, nor in
the case of hand positions. In contrast, ac-
tivation of the medial frontal cortex was
specific to the receiver of emblematic ges-
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tures (B Fig.4). This clearly indicates that
the medial frontal cortex is critical to the
information content in the physical ex-
pression of emotional states.

When perceiving emotional facial ex-
pressions and emblematic gestures, the
question naturally occurs to the receiv-
er in a social context as to why he is con-
fronted with these emotions. Aspects of
the theory of mind come into play here.
Thus there is modality-independent yet
emotion-specific activation in the anteri-
or medial frontal cortex when faces, phys-
ical movements and vocal intonation are
examined [61]. A comparable anterior re-
gion in the medial frontal cortex addition-
ally encodes subsequent preferences for
objects/products shown, irrespective of
whether they were perceived conscious-
ly or less consciously [85]. The subjective
evaluation of risks and rewards, which can
vary in the course of a lifetime, is associ-
ated with prefrontal activation in the ven-
tral prefrontal cortex [24, 69, 73]. The ven-
tromedial frontal cortex is involved in the
discrimination of pleasant and unpleasant
stimuli and rewards, i.e. expectancy values
in the future (B Fig. 1; [24, 25]). The asso-

ciations discussed here can also be seen in
the underlying features of economic eval-
uation and decision-making, whereby in
this context the reward in the form of ex-
pectancy value for future events is of par-
ticular relevance [54].

From evaluation to action

The medial dorsal frontal cortex plays a
central role in the planning, initiation and
sequencing of actions, as has recently been
confirmed by electrophysiological imag-
ing and anatomical connectivity studies
[60]. These areas in the dorsomedial fron-
tal cortex, which are so critically involved
in the subjective evaluation of internal and
external perceptions, overlap in their lo-
calization with the SMA and the so-called
pre-SMA (@ Fig. 1). However, there are
clear differences between the pre-SMA
and the SMA: In contrast to the SMA,
neurons in the pre-SMA indicate motiva-
tion to and reward for an action, but not
whether the action will be performed or
not [41, 70]. The pre-SMA and SMA re-
ceive extensive projections from the cere-
bellum and the basal ganglia, whereby the



projection neurons to the SMA belong
more to the caudal and ventral sensorim-
otor territory of the palladium, while the
neurons which project to the pre-SMA lie
in a rostral associative region [1]. A sim-
ilarly distinct topography is also seen in
projection neurons of the cerebellar den-
tate nucleus [1]. Ultimately, cortical con-
nections to the pre-SMA come from the
prefrontal cortex and the anterior premo-
tor cortex, while connections to and from
the SMA to the sensorimotor areas exist
[48]. Any functional distinction of these
regions is still rudimentary and needs to
take cognitive functions into consider-
ation [56].

A person can only perform one action
at a given point in time and typically has
to choose between two possible action al-
ternatives. Although one can organize ac-
tions sequentially, as in the Tower of Ha-
noi, only one action per point in time can
be performed leading to an overall result.
When planning actions, complex situa-
tions are correspondingly reduced to one
solution or one target. In this process, the
information to be evaluated is reduced to
a subjective view, with varying grades of
subjective certainty (I think, I find, I be-
lieve, I'm sure, I notice, I know). Simple
gauges include space, time and dichoto-
mous qualities such as right/left, good/
bad, full/hungry, familiar/strange. Re-
ducing factors to a main feature enables
a rapid decision. There is a clear associ-
ation here between the ambiguity of ac-
tion alternatives and the level of fMRI sig-
nals [86]. The higher a person’s formal in-
telligence, the easier it is for him to whit-
tle complex stimuli down to their charac-
teristic features and thereby justify subjec-
tively plausible decisions [11]. Decisions of
this type evoke particularly strong activa-
tion of the dorsolateral prefrontal cortex
[10]. Using fMRI, we recently attempted to
identify the part of the brain responsible
for distinguishing between positive and
negative facial expressions and emblemat-
ic gestures [77]. In this context, we found
that categorizing stimuli into positive and
negative leads to specific activation of the
right hemispheric dorsolateral prefrontal
cortex, while activity in the medial dor-
sal frontal cortex correlates with the va-
lence of faces. These findings support a
role for the medial dorsal frontal cortex in

the evaluation of physical expressions of
emotional states on the one hand, while
showing on the other that mediation of
the decision made in this process takes
place in the dorsolateral prefrontal cor-
tex. The question of to what extent evalu-
ations of this kind are a conscious weigh-
ing up of factors or whether they can take
place more as spontaneous“gut reactions”
remains an interesting one.

Subjective evaluation
modified by pathology

The topography of structural brain lesions
and functional impairments validates the
cognitive scientific results achieved in
healthy test subjects. For example, pre-
frontal lesions are associated with an in-
ability to experience emotions, referred to
as alexithymia [31]. Lesions in the medial
frontal cortex impair processing of emo-
tional facial expressions in the fusiform
gyrus [71]. Similarly, lesions in the right
inferior fronto-occipital fasciculus can im-
pair facial affect recognition in the form
of a disconnection syndrome [62]. In the
case of multiple sclerosis, the recognition
of emotional facial expressions is likely
impaired as a result of axonal demyeliza-
tion [64]. Recordings from event-related
potentials also indicate that the N2oo and
P300 potentials for new acoustic stimuli
are reduced in prefrontal lesions [37]. Fi-
nally, patients with Parkinson’s syndrome
who demonstrate subcortical damage in
the basal ganglia are impaired in their af-
fective and cognitive perspectives, which
is associated with a reduction in quality of
life [4]. However, lesion studies are often
only able to show which lesion interferes
with which function. In the case of emo-
tional facial expression recognition, for
example, it is often the case that patients
recognize that they are looking at a face,
but can no longer say who the person be-
ing shown is. Thus an associative agnosia
due to disrupted communication between
the areas responsible for face recognition
and the memory pool of known faces, i.e.
faces that have already been seen, is pres-
ent. In the case of complete prosopagnosia
face representation itself can be disrupted.
However, a blindsight-type, intuitive emo-
tional reaction to the known face can re-
main, although explicit attribution is no

longer possible. This raises the interest-
ing question of how many different rep-
resentations are sufficient in order for the
evaluation of an emotional facial expres-
sion to take place. In this context, the role
of the medial frontal cortex remains cru-
cial; patients who had recovered from an
acute schizophrenic episode showed in-
creased activity in the medial frontal cor-
tex, whereby this correlates with the in-
crease in patients’ cognitive faculty and
social competence [42].

The development of
subjective evaluation

The medial frontal cortex and the ventrally
adjacent paracingulate cortex mediate so-
cial event knowledge by integrating it in-
to a network which also comprises limbic
structures and posterior brain regions [39,
92]. There is a caudal-rostral axis involved
in this mechanism, which is responsible
for aspects of self-schemata, people and
mental phenomena. Interestingly, there is
an early, attention-independent reaction
(40-140 ms) in the amygdala to emotion-
al stimuli and a late, attention-dependent
reaction (280—410 ms) [47]. Animal ex-
periments in which individual recordings
were taken in macaques showed that the
medial prefrontal cortex has neurons that
encode the result of behavioural respons-
es. In particular, these neurons encoded
the animals’ intentions and the quality of
results [46]. In addition, reward and sub-
jective exertion, as well as various aspects
of evaluation, including the cause of sub-
jective values, were encoded [36]. Thus
neurons that mediate complex evalua-
tion functions were identified in the me-
dial frontal cortex. Presumably, in subjec-
tive evaluation, iterative neural processes
occur between sensory-fugal connections,
which provide information on the physical
nature of environmental events, and sen-
sory-petal connections, which originate
primarily from the prefrontal cortex and
describe the nature of events by means of
a top-down mechanism [51]. During this
process, memory contents are encoded.
Thus the recognition of congruent visuo-
tactile stimuli is associated with increased
activity in the dorsomedial frontal cor-
tex compared with incongruent visuotac-
tile stimuli, whereby congruent visuotac-
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tile stimuli were remembered better [87].
This shows the frontal cortex’s integration
mechanisms, which function in a cross-
modal manner [78]. In contrast, episod-
ic memory retrieval deactivates the pari-
etal cortex [79].

From childhood through to adult-
hood there is an increase in the number
and strength of connections in the frontal
cortex to other brain areas and subcortical
structures, as shown in a network analy-
sis of fMRI data on the inhibitory control
of eye movements [33]. The default net-
work does not develop until adolescence
[13]. The acoustically evoked potential
N1B in the medial frontal cortex devel-
ops from the age of 12, permitting rapid
sensorimotor coupling thereafter [3]. This
N1 response has a latency of approximate-
ly 100 ms. Similarly, theory of mind im-
proves in late adolescence and shows in-
creasing interaction with executive func-
tions [9]. A positive correlation between
the strength of medial dorsal frontal cor-
tex activation when performing tasks with
subjective perspectives and age between
9-16 years was even observed [55]. Final-
ly, it could be shown that, in adolescence,
there is greater functional connectivity
between the frontal cortex and the poste-
rior brain area in the perception of feel-
ings of guilt and shame than in adults [5].
This demonstrates the age-related devel-
opment of cognitive and emotional per-
spective ability.

Perspective

Research into the link between subjective
behavioural control and the medial fron-
tal cortex opens up new perspectives for
cognitive research and clinical neurosci-
ence. Many neurobiological questions are
raised here, relating not least to the neu-
rotransmitter systems involved and phar-
macotherapeutic possibilities. In the sys-
tems physiological context outlined here,
it should be explicitly borne in mind that
perception includes the mental processing
of sensory stimuli and action includes the
mental conception of the action to be per-
formed. Thus in the human brain there is
a profound and indissociable interaction
between physical and mental events [21].
For the person functioning in a social con-
text, however, there is a third area of equal
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importance, i.e. the ‘valuation’ function,
which is what raises humans to the level of
people [76]. In addition to the evaluation
of perception in the narrower sense, evalu-
ation also includes distinguishing between
various inner and outer perceptions as a
prerequisite of being able to act appropri-
ately and justifiably. In this regard, the in-
dividual is in constant exchange with the
cultural context and influenced by social
interactions [90]. The concept of the eval-
uation function presented here has many
points of contact with the so-called cred-
itions, which were recently postulated as
the third psychological realm alongside
cognition and emotion and which are sug-
gested to influence individual human be-
haviour [2]. Contrary to the notion widely
held today, Descartes already recognized
the realm of emotions as an important hu-
man criterion, prompting him to suggest
a link between the mental and physical
spheres [30]. Thus it is clear that an inter-
disciplinary discourse between the neuro-
sciences and the humanities can evolve.

Excursus 1
Mapping human brain function

1. Functional imaging
Human brain function is based on mil-
lisecond changes in neuronal potentials.
Depolarization and repolarization pro-
cesses require metabolic processes, which
take place in an interaction between neu-
rons and astroglial cells [49]. Neuronal
synaptic activity results in an increase in
regional brain perfusion, which mark-
edly exceeds local oxygen consumption
[20]. Field potentials as an expression of
synaptic activity in neuronal clusters cor-
relate temporally and spatially to chang-
es in cerebral perfusion, as can be mea-
sured using functional magnetic reso-
nance imaging (fMRI) [45]. In this pro-
cess, the change in the magnetic charac-
teristic of hyperoxygenated blood com-
pared with venous deoxygenated blood
is recorded locally and temporally. Event-
related MRI signals take advantage of the
dynamics of these local changes.
Functional imaging is able to anatom-
ically depict the topography of brain acti-
vations by means of reference systems. In
this process, mapping is achieved by using

stereotaxic coordinates in the Talairach
space, which enables mapping of the hu-
man brain with precision in the millime-
tre range [84]. By appropriately designing
experimental activation and control con-
ditions, specific aspects of a physiological
process can be isolated and a selected ar-
ea of activation enhanced. In addition to
topographic analyses, there are also mul-
tivariate analyses, which are able to depict
the network-like interaction between var-
ious areas of the brain [18]. Emphasis must
be put on the fact that changes in normal
brain activity are limited by the temporal
resolution of fMRI, which is determined
by hemodynamics in the range of seconds.

2. Bioelectric brain activity

Millisecond neuronal signals can be re-
corded using electroencephalography
(EEG) and magnetoencephalography
(MEG). Bioelectric brain activity cov-
ers various frequency spectra in the al-
pha [8-12 Hz, beta- (13-20 Hz)] and gam-
ma range (ca. 40 Hz). Recordings of sum
potentials taken from the surface of the
head are based on assumptions in terms
of the localization of their electrical sourc-
es and ambiguous due to the inverse prob-
lem; thus they become more unreliable
with increasing depth [29]. Investigating
brain activity in terms of event-related po-
tentials enables the temporal determina-
tion of when stimulus-related changes in
brain activity occur. Inter-regional analy-
ses are able to show the correlation of fre-
quency spectra and enable oscillations in
the neuronal network to be measured.
The“binding” phenomenon of oscillations
over various brain areas is considered the
basis of sensory awareness [12].

Excursus 2
The human frontal cortex

The human frontal lobe is considered the
highest structure in behavioural orga-
nization [22]. It enables a cognitive con-
trol function by actively sustaining ac-
tivity patterns which represent the tar-
gets and the routes by which these targets
can be reached [52]. It has shown a par-
ticularly marked volume increase during
phylogenesis, whereby its size is associat-
ed with the evolution of social behaviour



and, in humans, involves primarily the left
cerebral hemisphere [81, 82]. The human
frontal cortex can be divided into an or-
bitofrontal, inferior, dorsolateral and me-
dial part. Adjacent to the central sulcus,
the anatomical border of the frontal lobe,
lies the motor cortex, which plays a cen-
tral role in movement execution and, in
the case of lesions, is associated primarily
with brachiofacial paralysis [16]. The clin-
ical-neurological investigation of frontal
lobe function is challenging, since lesion
topography and deficit syndrome are ap-
parently less specific outside the motor re-
gions than in parietal lobes. Thus frontal
dysfunctions are challenging to identify
without neuropsychological testing and
are not observed in daily routine.

Additional information on the rel-
evance of the frontal cortex has been
gained from single-cell recordings in pri-
mates and imaging investigations in hu-
mans. The premotor cortex, which lies
rostral to the motor cortex, performs cen-
tral functions in the specification of move-
ment synergies [67]. It has strongly differ-
entiated cytoarchitectonic characteristics
and cortico-cortical connections, which
are likely associated with various aspects
of movement control in distal and proxi-
mal arm movements, eye movements and
hand-to-mouth movements. The dorso-
lateral prefrontal cortex is primarily dis-
cussed in relation to working memory op-
erations [43, 10]. The inferior frontal cor-
tex includes language function and high-
er motor control [17, 67]. The orbitofron-
tal cortex plays a prominent role in af-
fect control and emotion processing [69].
Thus the premotor and prefrontal brain
areas are crucially involved in the process-
ing of environmental stimuli to which the
individual is exposed.

The superior frontal gyrus, a large an-
atomical structure, lies on the medial side
of the frontal lobe. At the furthest most
dorsal point, the medial part of the Brod-
mann Area 4, with motor representation
of the leg, is found. This is followed by the
premotor cortex, Brodmann area 6, the
size of which can vary widely between in-
dividuals [23]. Adjacent to this lies Brod-
mann area 8, which plays a crucial role in
the control of saccadic eye movements
[72]. This is followed rostrally by prefron-
tal Brodmann area 9 and, at the frontopo-

lar aspect, area 10 [84]. The cingulate gy-
rus, which is part of the limbic system, is
adjacent to the superior frontal gyrus on
the ventral side. This anatomic structure
comprises several cytoarchitectonically
characterized sub-areas and fulfils a se-
ries of functions related to attention con-
trol, the monitoring of actions and events,
pain processing and the interhemispheri-
cal integration of information [8, 91]. Here
again, isolated lesions in this portion of
the brain are rare; however, new insights
have been gained in recent years with the
help of functional imaging.
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