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Dimensional approach to emotions proposes 
that all emotions have common elements 
such as valence, i.e. unpleasantness vs. 
pleasantness. The present thesis provides 
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(fMRI) evidence that valence can modulate 
brain activity in non-linear fashion and that 
unpleasantness and pleasantness are not 
simply represented by a single bipolar 
neural mechanism but instead partly by two 
separate neural mechanisms. In terms of 
organism’s actions this provides a direct 
path from emotions to approach and 
withdrawal behavior. Non-linear valence 
dependency in the brain was found with 
emotional pictures, sounds, and movies, as 
well as with observed emotional facial 
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Abstract 
All emotions can be evaluated with fair accuracy on the basis of their position on 
unpleasantness–pleasantness, or valence, dimension. Valence has been considered to be a 
linear continuum both on experiential and neural level, ranging from very unpleasant to very 
pleasant. However, using such a model it is difficult to explain complex emotional states, in 
which we can simultaneously experience unpleasantness and pleasantness, like during a 
rollercoaster ride or a horror film. Also experiments with rats, where experimenters have been 
able to cause simultaneous approach and withdrawal behavior, suggest that pleasantness and 
unpleasantness may be encoded by different mechanisms. 

In this thesis, the neural mechanisms of emotional valence were investigated in four different 
experiments with three different valence models: a traditional linear model, a quadratic model, 
and a model, in which negative valence and positive valence are represented as separate 
components. Whereas no study gave any support for the validity of the linear model, all four 
experiments provided evidence of quadratic valence dependency, and two of the experiments 
found additionally brain regions specifically sensitive to pleasantness and/or unpleasantness. 
In particular, these regions included bilaterally the dorsal and ventral prefrontal cortex and 
insula. Brain activity was measured with functional magnetic resonance imaging. 

Non-linear dependency between valence and brain activity was found for emotional pictures 
and sounds, observation of others’ facial expressions as well as subjective emotional 
experience. The results demonstrate that valence processing does not occur in the brain simply 
in linear bipolar fashion, but the phenomenon is non-linear and multifaceted. 
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Tiivistelmä 
Kaikille emootioille voidaan kohtalaisella tarkkuudella arvioida sijainti 
epämiellyttävyys–miellyttävyys- eli valenssi-dimensiolla. Valenssia on pidetty niin 
kokemuksen tasolla kuin aivojenkin tasolla lineaarisena jatkumona, joka vaihtelee erittäin 
epämiellyttävästä erittäin miellyttävään. Kuitenkin tällaisen mallin pohjalta on vaikea selittää 
monimutkaisia emotionaalisia tiloja, joissa voimme tuntea samanaikaisesti epämiellyttävyyttä 
ja miellyttävyyttä, kuten esimerkiksi vuoristorata-ajelun tai kauhuelokuvan katselun 
yhteydessä. Myös rottakokeet, joissa rotissa on aikaansaatu samanaikaisesti sekä lähestymis- 
että loittonemiskäyttäytymistä, antavat viitteitä siitä, että miellyttävyyttä ja epämiellyttävyyttä 
saattavat koodata eri mekanismit. 

Tässä väitöskirjatyössä emotionaalisen valenssin aivomekanismeja tutkittiin neljässä eri 
kokeessa kolmella vaihtoehtoisella mallilla: perinteisellä lineaarisella mallilla, kvadraattisella 
mallilla, sekä mallilla, jossa negatiivinen valenssi ja positiivinen valenssi esitetään erillisinä 
komponentteina. Siinä missä yhdessäkään kokeessa ei saatu minkäänlaista tukea lineaarisen 
mallin paikkansapitävyydelle, kaikki neljä koetta antoivat viitteitä kvadraattisesta 
valenssiriippuvuudesta ja kaksi kokeista löysi lisäksi nimenomaisesti miellyttävyyden ja/tai 
epämiellyttävyyden prosessointiin keskittyneitä aivoalueita. Erityisesti tällaisia alueita olivat 
molemmilla aivopuoliskoilla dorsaalinen ja ventraalinen prefrontaalikorteksi sekä aivosaari. 
Aivoaktiviteettia mitattiin funktionaalisella magneettikuvauksella. 

Epälineaarinen valenssiriippuvuus aivoissa oli vallitseva niin emotionaalisille kuville ja 
äänille kuin toisten kasvonilmeiden havaitsemisen ja subjektiivisen tunnekokemuksenkin 
tasolla. Tulokset osoittavat, ettei valenssin prosessointi tapahdu aivoissa yksinkertaisesti 
lineaarisella bipolaarisella tavalla, vaan ilmiö on epälineaarinen ja monitahoinen. 
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1 Introduction 
 

Emotions have a crucial role in guiding our behavior as well as 

thoughts. During happy emotions our minds are filled with positive 

thoughts and we behave as if the world is a positive place and tend to 

approach, whereas with sad emotions our minds are filled with 

negative thoughts, we behave as if the world is a negative place, and 

we tend to withdraw. Emotions often enable us to think and act in the 

most suitable way in our environment, but they can also hinder us, as 

is the case with depression. Even positive emotions can be 

inappropriate: they can make us overly confident and take excessive 

risks, or they can progress into addictions making us the passenger in 

our lives. Emotions are vividly present in our daily lives and most of 

us talk of them. Yet, the nature of emotions remains elusive even 

until our days. Are there basic emotions? Could all emotions be 

represented in the same and simple framework? How do emotions 

affect our moment to moment lives? What kind of emotions do 

animals have? These are fundamental questions, and yet the answers 

are not common knowledge amongst researchers in psychology and 

neuroscience, let alone the ordinary people. 

   The definition of basic emotions is a matter of convention, but 

when one looks at the universality of emotional facial expressions, 

then there appears to be six basic emotions: happiness, sadness, fear, 

disgust, anger, and surprise are all recognized from a facial 

expression independent of the observer’s culture and origin (Ekman 

et al., 1982). There is at least one thing in common to all emotions, 
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i.e. they can be characterized by the level of pleasantness vs. 

unpleasantness – i.e. by valence. Many researchers maintain that 

everybody has a so called core affect, which consist of two 

components or dimensions, valence and arousal, the latter being a 

measure of organism’s level of calmness vs. alertness (see Russell 

and Barrett, 1999, for a review). Core affect is an always present, yet 

not always conscious, core of our emotions, emanating from the 

mental representation of bodily changes (Lindquist et al., 2012). Core 

affect with valence and arousal dimensions is the simple framework 

for all our emotions, which has been found to have also its 

neurophysiological correlates (e.g., Cunningham et al., 2004, Grimm 

et al., 2006, Heinzel et al., 2005, Lewis et al., 2008). 

   Core affect has been found to function in humans by means of 

mood congruency: The more positive the core affect is, the more 

positive we experience the events we confront, think of or memorize; 

the more negative the core affect is, the more negative we experience 

the events we confront, think of or memorize. Core affect influences 

our thoughts and behavior all the time, even if we do not usually 

notice it. As a somewhat Platonic notion, we can think of our stream 

of thoughts as a carriage pulled by two horses – Emotions and 

Consciousness –, something often unseen when we look back at the 

trail of thoughts left behind. Some researchers have proposed that 

emotions and consciousness are systemic properties, manifesting 

themselves at low and high levels of differentiation in the common 

system, respectively (Alexandrov and Sams, 2005).  

   Having that said, it seems natural to suggest that animals are 

emotional – perhaps even more emotional than we are. However, due 
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to lack of verbal expression, investigations of animal emotions have 

remained principally anecdotal, and the caveat of anthropomorphism 

is always existent. Nevertheless, no scientist would nowadays argue 

against the biological basis of emotions. Already Charles Darwin 

made pioneering work on the expression of emotions in animals 

(Darwin, 1872). In a broad sense, emotions can be considered as 

regulatory mechanisms developed in evolution. For example, if a rat 

experiences fear-like emotions, this activates a flight script in its 

brain. Yet, it is worth mentioning William James’ classical theory 

from the late 19th century which considered the situation opposite: 

because rat flees, it experiences fear (Ellsworth, 1994). Nowadays, 

emotions are viewed as instantaneously activating markers about how 

to behave in a certain situation. Our closest relatives, monkeys, have 

basic emotions, but in addition also a wide variety of social emotions, 

ranging from embarrassment to jealousy and pity (Goodall, 1986). 

Thus, our emotions seem to have a common evolutionary basis. 

   This thesis studies emotions in a dimensional framework, 

particularly concentrating on valence. I want to emphasize the 

broadness of this framework, for it is a realm that applies to all 

situations in our lives as well as all humans and our developed 

primate relatives. The emotions that are elicited in this thesis are 

relatively weak, but so are they usually also in our everyday life. We 

do not have strong surges of emotion day by day. The results 

presented in this thesis provide fundamental information on how 

emotions in everyday circumstances are processed in the brain. 

Proper understanding of neural mechanisms of valence and arousal 



4 
 

can be helpful in the treatment of illnesses affecting these 

mechanisms, such as anxiety and depression (Posner et al., 2005). 
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2 Emotion research 
 

2.1 Emotion theories 

2.1.1 Discrete emotion theories 
 

Discrete emotion theories assume that there are distinct emotions that 

stem from distinct causes and can be in humans verbally 

characterized and subjectively evaluated. Each emotion is also 

assumed to show characteristic neuro- and psychophysiological 

patterns. Already in the 1920s and 1930s, scientists pursued to map 

discrete emotion circuits in the brain (Cannon, 1987, Papez, 1995). 

Later the idea of discrete emotion circuits, developed during 

evolution, has been put forward, e.g., by Panksepp (1982), who 

suggested that there exist emotional fear, rage, panic, and expectancy 

circuits in the brain. Multiple studies have reported distinguished 

brain regions for different emotions. In their meta-analysis, Phan and 

coworkers (2002) reported that fear typically activates the amygdala 

and sadness the subcallosal cingulate. In addition, the insula is 

commonly believed to process disgust (e.g., Wicker et al., 2003). A 

patient with lesion in the basal ganglia was found to experience fear 

but not happiness (Robinson, 1995). The mesolimbic dopamine 

pathway is known to process reward (e.g., Wise, 1996).  

   Historically the approach of discrete emotions has been strongly 

connected with the study of emotional facial expressions. The current 

view of six basic emotions (happiness, sadness, fear, disgust, anger, 

and surprise) stems from this research tradition (Ekman et al., 1982). 
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However, the ability to categorize the basic emotions does not seem 

to be innate but acquired. When asked to freely label facial 

expressions, preschool children mainly use the words “happy”, 

“angry” and “sad”, which are generalized to cover also other 

expressions of basic emotions, namely scared, surprised and 

disgusted (Widen and Russell, 2003), happiness and sadness being 

the most easily recognized emotions (Camras and Allison, 1985). 

Also, there is some recent data suggesting that the expressions of 

basic emotions partly overlap in Eastern cultures (Jack et al., 2012). 

Viewing emotional facial expressions has been shown to induce 

corresponding electromyographic (EMG) activity in those facial 

muscles which are used in producing these expressions: viewing 

happy faces increases activity in the zygomatic major muscle and 

angry faces in the corrugator supercilii muscle (Dimberg, 1982). 

Since this occurs even when the stimuli are presented subliminally 

(Dimberg et al., 2000), it means that people can automatically react 

congruently to discrete facial expressions. Although this phenomenon 

could be attributed to a more general facial mimicry, it can also be an 

indicator of hardwired discrete emotions. 

2.1.2 Dimensional emotion theories 
 

Dimensional theories of emotion are based on the idea that all 

emotions can be represented in n-dimensional space, where each 

dimension portrays something fundamental of emotions, 

independently of the other dimensions. From very early on, valence 

has been suggested to be the principal dimension (Schlosberg, 1954, 
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Wundt, 1902, Titchener, 1910, Osgood et al., 1957, Russell and 

Mehrabian, 1977). Every known human language has words to 

communicate displeasure as well as pleasure (Wierzbicka, 1992). In 

many studies, the second dimension is somehow related to the level 

of activation or arousal (Davitz, 1969, Osgood et al., 1957, Russell 

and Barrett, 1999, Russell and Mehrabian, 1977, Schlosberg, 1954), 

ranging from calm and soporific to alert and hyperactive. Both 

valence and arousal appear to be dimensions existing across cultures 

(Russell, 1991). Table 1 shows proposed dimensions in important 

early works in the field. 

 

Author(s) Dimensions of emotions 
 First Second Third 

Wundt (1902) 
Pleasant– 
Unpleasant Tense – Relaxed 

Excitement– 
Depression 

Titchener (1910) 
Pleasant– 
Unpleasant – – 

Schlosberg (1954) 
Pleasant– 
Unpleasant Tense – Relaxed 

Acceptance– 
Rejection 

Osgood, Suci and Evaluative Activity Potency 
Tannenbaum 
(1957) (Good – Bad) (Fast – Slow) (Strong – Weak) 
Davitz (1969) Hedonic Tone Activation Competence1 

 
(Comfort– 
Discomfort)   

Russell and 
Pleasure– 
Displeasure Degree of arousal 

Dominance– 
Submission 

Mehrebian (1977)    
 
Table 1. Three most important emotion dimensions according to 
various authors. 
 

                                                 
1 As a fourth dimension Davitz, J. R. (1969) The language of emotions, Academic 
Press, New York.  identifies relatedness. 
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   This thesis focuses particularly on the neural mechanisms of 

valence. The conducted series of studies considers a valence scale 

ranging from 1 (very unpleasant) through 5 (neutral) to 9 (very 

pleasant). This is also the case with many other studies. To clarify the 

used terminology and valence models, Figure 1 illustrates how this 

thesis and its articles speak about the dependencies between valence 

and brain activity. Particularly, the reader should note the 

terminology when contemplating negative valence and positive 

valence, i.e. when the valence scale is cut to 1–5 and 5–9, 

respectively. Negative correlation with negative valence means that 

neural activity decreases when valence shifts from 1 to 5 – i.e. neural 

activity is the highest for unpleasant stimuli and progressively 

decreases towards more neutral stimuli. Positive correlation with 

negative valence means that neural activity is the highest for neutral 

stimuli and progressively decreases towards more unpleasant stimuli. 

Negative correlation with positive valence means that neural activity 

decreases when valence shifts from 5 to 9 – i.e. neural activity is the 

highest for neutral stimuli and progressively decreases towards more 

pleasant stimuli. Positive correlation with positive valence means that 

neural activity is the highest for positive stimuli and progressively 

decreases towards more neutral stimuli. 

   The two-dimensional valence-arousal space is often viewed to 

characterize the core affect – an omnipresent feeling that varies from 

neutral and mild to very intense (Russell and Barrett, 1999); each 

moment in time core affect is a mixture of valence and arousal. The 

resulting space includes many states besides emotions, e.g. fatigue, 

sleepiness and vigilance, but importantly also any emotion 
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imaginable. For example, the six basic emotions can be mapped onto 

the two-dimensional valence-arousal space (see Figure 2). 

 

 
Figure 1. Schematic illustration of the different possible 
dependencies between activity and valence. The valence scale is here 
1–9. A) Negative correlation with valence. B) Positive correlation 
with valence. C) Negative quadratic (also called inverted U-shape for 
its visual shape) correlation with valence. D) Positive quadratic (U-
shape) correlation with valence. E) Negative correlation with absolute 
valence, i.e. valence distance from neutral | 5 – x |. F) Positive 
correlation with absolute valence. G) Negative correlation with 
negative valence. H) Positive correlation with negative valence. I) 
Negative correlation with positive valence. J) Positive correlation 
with positive valence. 
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Figure 2. Basic emotions represented in valence-arousal space. 
Unpublished data of the ratings of 18 students of Aalto University. 
Notice that the two-dimensional model cannot distinguish between 
fear, which may cause withdrawal, and anger, which may cause 
approach. 
 

2.1.3 Circumplex model of emotions 
 

Existence of valence and arousal dimensions has been supported by 

factor analysis, multidimensional scaling (MDS) and semantic 

differential studies on the structure of emotion (Abelson and Sermat, 

1962, Royal and Hays, 1959, Shepard, 1962, Cliff and Young, 1968, 

Green and Cliff, 1975, Russell and Mehrabian, 1977, Bush, 1973, 

Neufeld, 1975, Neufeld, 1976, Russell, 1978). In an influential work, 

(Russell, 1980) compared with three different analysis methods 
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results from three experiments. In the first experiment, subjects were 

requested to arrange 28 emotion concepts into eight labeled 

categories. Circular ordering of the eight categories was solved based 

on subjects’ responses on the position of the categories around a 

circle. This constituted a framework for (Ross, 1938) scaling 

technique, which was used to determine the polar angle and distance 

from origin for each of the 28 concepts. The result gave a credible 

two-dimensional representation with major axes of valence and 

arousal. In the second experiment, subjects were asked to arrange the 

28 emotion concepts into 4, 7, 10, and 13 groups in successive trials. 

Based on the divisions into the groups, similarity of each pair of 

concepts was solved. The resulting similarity matrix was analyzed 

with MDS. The procedure resulted in highly similar two-dimensional 

map as in the first experiment. In the third experiment, two 

orthogonal dimensions, valence and arousal, were taken as a starting 

point, and the subjects were asked, where they would place the 28 

emotion concepts on this two-dimensional space. The results were 

similar to those in the previous two experiments. Since all 

experiments produced highly similar results, Russell’s work provides 

strong evidence that idea of the two-dimensional representation of 

emotions is a sound one. 

   The results of (Russell, 1980) support a “circumplex model of 

affect”: the emotion concepts were distributed along a circle in 

relation to the origin. In this circular structure attributes close to one 

another have high correlation, attributes with 90° angle have zero 

correlation and attributes with 180° angle have inverse correlation. 

The circular structure implies that emotions high in (un)pleasantness 
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can have only moderate values in arousal and high in arousal can 

have only intermediate values in valence. This property of the model 

does not necessarily concord with reality; e.g., fear is an emotion with 

high unpleasantness and high arousal. Thus, the circumplex model, 

however much used, is not necessarily the most realistic one. As 

Russell and Barrett (1999) state, a person can in reality feel any 

combination of valence and arousal. Karhu (2008) showed that in 

MDS, the dimensional map is dependent on the used mathematical 

criterion: with metricstress criterion a circumplex can be achieved, 

whereas with (non-metric) stress criterion emotion concepts are 

distributed all around the two-dimensional space. 

   The circumplex model also means that the principal axes can be 

rotated arbitrarily without the explanatory power of the model 

changing. Different rotational schemes have been developed. Watson 

and Tellegen (1985) proposed a model (using varimax rotation), 

where the basic dimensions are 45° from the valence and arousal 

dimensions, and called their dimensions Positive Affect and Negative 

Affect. Their rationale was to place the axes through regions, where 

items were most densely clustered in their data. This is, of course, 

only one way of placing the axes. Reisenzein (1994) justifies valence 

and arousal dimensions on the basis that they give conceptually 

separate building blocks of emotion, rooted in psychological reality, 

whereas alternative rotations do not fulfill this requirement. Barrett 

(2006) lifts valence to the forefront as the most basic building block 

of emotion, resulting from evolutionary need to judge whether 

something is good or bad, helpful or harmful. This thesis presents 
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evidence that valence is meaningful also at neurophysiological level, 

but it is good to bear in mind the possibility of alternative rotations. 

2.1.4 Bivariate valence 
 

In addition to alternative rotations, the possibility that valence 

dimension is bivariate has been discussed (e.g., Cacioppo and 

Berntson, 1994, Russell and Barrett, 1999). Some authors, Cacioppo 

at the forefront, have claimed that valence consists of unipolar 

negative and positive valence (unpleasantness and pleasantness) 

dimensions, although the view of bipolar valence still sits tight 

amongst most researchers. However, evidence is plenty about partly 

segregated mechanisms for negative and positive valences: Miller 

(1937, 1959) reported conflict behavior – vacillation between 

approach and withdrawal – in rats, when both food reward and 

electric shock punishment were located in the same place, indicating 

that the processes underlying approach and withdrawal are separate. 

When pleasant sucrose and unpleasant quinine is administered 

simultaneously to rats, they exhibit vigorously alternation of opposing 

orofacial gestures (Berridge and Grill, 1984). Davidson (1992a, 

1992b) found in electroencephalography (EEG) studies that positive 

approach-related emotions are dominantly processed in the left 

frontal regions and negative withdrawal-related emotions in the right 

frontal regions. Administration of certain drugs has been shown to 

affect reward or aversion mechanisms, but not both (e.g., Kelsey and 

Arnold, 1994). 



14 
 

   Evidence for bivariate valence can be found also amongst 

evaluative processes. Racial attitudes have been found to include 

positive and negative components that are independent (Patchen et 

al., 1976, Katz and Hass, 1988). Similarly, emotional responses 

toward the poor have revealed independent positive and negative 

factors (Nelson, 1999). Positive and negative attitudes towards 

posthumous organ donation (Parsi and Katz, 1986) as well as blood 

donation (Cacioppo and Gardner, 1993) have been found to be 

uncorrelated. Goldstein and Strube (1994) showed that positive 

feedback increased positive affect but did not change negative affect 

and negative feedback increased negative affect but did not change 

positive affect, according to the positive affect negative affect 

schedule (PANAS). Snydersmith and Cacioppo (1992) found using 

PANAS that the negative and positive evaluations about person’s 

roommates were uncorrelated.  

   However, even though unipolarity would occur on the evaluative as 

well as neurophysiological level, the valence of subjective feelings in 

consciousness may still appear bipolar. Osgood et al. (1957) found 

that across cultures bipolar concept pairs, such as pleasant–

unpleasant, good–bad, positive–negative and harmful–beneficial, 

constitute the basic dimension, by which people understand and view 

the world. For example, due to cognitive dissonance, for two 

similarly attractive alternatives people exaggerate the positive 

features and discount the negative features of the chosen alternative, 

and discount the positive features and exaggerate the negative 

features of the rejected alternative, yielding a bipolar representation 

of the two (Brehm, 1956). 
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2.2 The emotional brain 
 

2.2.1 Limbic system 
 

The amygdala has been long known to be specifically responsive to 

fear (see, e.g., Davis, 1992, for a review, and Phan et al., 2002, for a 

meta-analysis), which was mainly due to extensive research on 

Pavlovian fear conditioning on animals (see, e.g., LeDoux, 2002, for 

a review). Lesions in the amygdala cause loss of conditional fear 

responses in rats (Fanselow and Gale, 2003). Fearful faces compared 

to happy faces have been found to elicit activity in the amygdala 

(Morris et al., 1996), and ability to perceive fear from facial 

expressions is damaged in amygdala lesions (Adolphs et al., 1995, 

Adolphs et al., 1994). Later research has found that amygdala 

activates also to many kinds of emotionally salient properties, such as 

face trustworthiness (Said et al., 2009) and attractiveness (Winston et 

al., 2007, Liang et al., 2010). It has, hence, been suggested that 

amygdala is a module encoding biological relevance, or salience 

(Sander et al., 2003). This is, of course, tightly interwoven with 

emotional valence, and distinguishing salience and valence effects 

has proven to be difficult. However, there is plenty of evidence of 

amygdala’s role in processing of both negative and positive valences 

(Sergerie et al., 2008, Zald, 2003). Single-cell studies have 

demarcated cells in the amygdalae of macaque monkeys that encode 

either negative or positive valence of a stimulus, but not both (Paton 

et al., 2006), suggesting a bivariate valence representation in the 
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amygdala. The fact that amygdala is a part of fast unconscious visual 

processing route (e.g., Liddell et al., 2005) underlies the low-level 

nature of its processing; amygdala probably assesses valence in fast 

and automatic fashion and sends the information then forward to 

higher level regions in the cerebral cortex. Earlier research has 

suggested that amygdala does not function in the experience of 

valence, since patients with amygdala damage showed no alterations 

in self-reported positive or negative emotion (Anderson and Phelps, 

2002). However, a recent study reported a 44-year-old woman who 

lacked the experience of fear due to bilateral amygdala lesion, 

indicating that amygdala can be crucial in the experience of fear 

(Feinstein et al., 2011). 

   Amygdala is part of the so called paleomammalian limbic system, 

to which much of our emotions and experience of emotions has long 

been attributed (Panksepp, 2005). The limbic system is principally a 

subcortical system consisting of several different structures (Figure 

3), but it also contains the cingulate gyrus, which is located around 

the corpus callosum, and the insula, which lies submerged in the 

depth of the Sylvian sulcus. The structures of the limbic system serve 

also many other functions besides emotions. For example, the 

hippocampus is vitally important for memory; the amygdala next to it 

has been found to be involved in emotional memory (Cahill et al., 

1995). The hypothalamus is an important regulatory center, 

controlling the homeostasis (Williams et al., 2000, Williams et al., 

2001) and autonomic nervous system (Elmquist, 2001) but also the 

body’s hormonal system via the pituitary gland (Besser and 

Mortimer, 1974). The thalamus, not always thought to be included in 
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the limbic regions, is well known to be an important relay station for 

sensory pathways to the cerebral cortex, but it has also been found to 

regulate and mediate interoceptive awareness of arousal (McCormick 

and Bal, 1997, Pollatos et al., 2007). Thalamus has also been found to 

participate in the creation of negative and positive subjective feelings 

during naturalistic stimulation (Reiman et al., 1997, Goldin et al., 

2005). 

 

 
Figure 3. Schematic illustration of the limbic system. Insula is not 
shown in the figure, because it lies more laterally. Thalamus is often 
considered not to be part of the limbic system. Modified from: 
http://introspectional.com/ 
 

   The cingulate gyrus is divided into anterior, middle and posterior 

parts, and the ventral bank of the PCC includes further retrosplenial 

cortex (RSC) (Figure 4). The ACC has been found to be important in 
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governing visceromotor control in emotions (Devinsky et al., 1995, 

Kaada, 1960, Kaada and Jasper, 1952). The ACC activation has been 

shown in tasks related to evaluation of one’s own emotion (Lee and 

Siegle, 2009). Emotional awareness as measured by the Levels of 

Emotional Awareness Scale (LEAS) has been found to activate the 

middle cingulate cortex with emotional movies and anterior cingulate 

cortex with recall based emotion induction (Lane et al., 1998). 

Indeed, the ACC has been found to be involved in the subjective 

emotional experiences (Lane et al., 1997a). Patients with lesions in 

the ACC have been observed to show both impaired recognition of 

facial expressions and changes in their subjective emotion states 

(Hornak et al., 2003). According to a meta-analysis, the ACC is 

specifically involved in happiness (Murphy et al., 2003). The PCC 

has been found to activate to both negative and positive stimuli 

compared to neutral (Maddock et al., 2003). The RSC has been found 

to be an important structure in processing emotional salience but also 

in episodic memory, suggesting interaction between emotions and 

episodic memory in this region (Maddock, 1999). 
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Figure 4. Schematic illustration of the cingulate and prefrontal 
cortex. Anterior cingulate in blue, posterior cingulate in magenta, 
retrosplenial cortex in cyan, dorsal prefrontal cortex in red, ventral 
prefrontal cortex in green, and orbital frontal cortex in yellow. The 
middle part of the cingulate cortex can be also called middle cingulate 
cortex. 
 

   Another limbic structure highly important in emotion is the insula, 

which is specifically involved in experiencing and perceiving disgust 

(Wicker et al., 2003). On the other hand, insula has also been found to 

activate for the pleasant, unsatiated, experience during chocolate 

eating (Small et al., 2001). Furthermore, insula is known to be 

associated with interoceptive awareness, linking bodily states to 

subjective experiences (Craig, 2004, Critchley et al., 2004, Gray et 

al., 2007). Emotional and interoceptive states have been suggested to 

share an integrated representation in the insula, and the subjective 

emotional experiences often involve awareness of the bodily changes 

elicited during emotions (Craig, 2002). Insula, as well as ACC, have 



20 
 

been found to activate in emotional induction by imagery/recall as 

well as cognitively demanding emotional tasks (Phan et al., 2002). 

This underlies their role in the subjective and evaluative parts of 

emotion. Together anterior insula and ACC have also been suggested 

to form a salience network that distinguishes the most relevant 

internal and external stimuli (Menon and Uddin, 2010).  

2.2.2 Prefrontal cortex 
 

Besides the limbic system, the PFC is centrally involved in 

processing of emotions (Figure 4). One of the roles attributed to a 

wide range of PFC regions is emotional reappraisal – i.e. cognitive 

emotion regulation, where emotional content of the stimulus is re-

evaluated (Goldin et al., 2008). The PFC has also been suggested to 

integrate sensations of valence and arousal together with past 

experiences, present context and future expectations, and to form by 

these means subjective emotional experience (Posner et al., 2005). 

However, the specific roles of different PFC regions in emotions are 

not well known. A large meta-analysis on studies with emotion 

induction and cognitive tasks found that emotion induction caused 

significantly more inferior medial activations in the prefrontal cortex 

(Steele and Lawrie, 2004), although significant overlap in areas 

between emotion induction and cognitive tasks was found.  

   The VMPFC has been suggested to represent emotional valence 

independent of cognitive processing (Grimm et al., 2006). Yet, the 

VMPFC has been observed to activate during emotionally salient 

reasoning (Goel and Dolan, 2003). In addition, emotion regulation 
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activates the VMPFC (Quirk and Beer, 2006), and the region has 

been found to have also regulatory role over the limbic system (Etkin 

et al., 2011). Perhaps related to this, the VMPFC shows increased 

rCBF with respect to negative emotions experienced during a month 

before scanning (Zald et al., 2002); regulating negativity most likely 

demands more neural control. Increased activity has been shown in 

the VMPFC during suppression of negative emotions (Urry et al., 

2006). On the other hand, the VMPFC has shown correlation with the 

value of goals irrespective of self-control, which modulated activity 

instead in the DLPFC (Hare et al., 2009). Patients with VMPFC 

lesions have been shown to have deficits in recognizing emotions 

from facial expressions (Heberlein et al., 2008), as well as exhibit 

increased apathy, blunted emotional experience, low emotional 

expressiveness and poor decision making characteristics such as lack 

of initiation and persistence (Barrash et al., 2000). Impulsivity and 

emotional instability were documented in the famous patient, Phineas 

Gage, whose VMPFC and OFC were severed in an accident at a 

railroad construction site (Harlow, 1848, Harlow, 1868). Importantly, 

the VMPFC has been considered as the home of the somatic markers 

(Damasio, 1996) – “gut feelings” that subtly guide our conscious 

decision making – which explains the poor decision making skills 

with persons with lesions in this area. All in all, the possible role of 

VMPFC in emotional-cognitive interaction is certainly multifaceted, 

whereas its contribution in valence processing network has been 

unestablished. 

   In addition to VMPFC, emotional judgment compared to non-

emotional one has been found to increase BOLD signal in the 
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DMPFC (Northoff et al., 2004). Indeed, the DMPFC has been found 

to be especially involved in explicit emotional evaluation (Etkin et 

al., 2011, Lee and Siegle, 2009, Taylor et al., 2003). This is the role 

which it is suggested to have also in valence processing. The MPFC 

has been found to be involved in the evaluation of emotional state of 

both the self and the other (Ochsner et al., 2004). The DMPFC has 

been suggested to be especially important for cognitive generation of 

emotion states (see Kober et al., 2008, for a meta-analysis), but also 

for regulation of both negative and positive emotions (Banks et al., 

2007, Kim and Hamann, 2007). Also it has been found to be involved 

in self-referential processing, such as assessing self-relatedness of 

emotional pictures (Northoff et al., 2009) or positive and negative 

personality traits (Fossati et al., 2003). Because the DMPFC is a large 

region, it is evident  that different portions of it have somewhat 

different roles in emotion processing. 

   The OFC region has been found integral in subjective emotional 

experiences. Patients with OFC lesions have been found to show 

changes in subjective emotional states (Hornak et al., 2003), in 

particular increased angriness and decreased happiness (Berlin et al., 

2004). In a large meta-analysis, the lateral OFC was found to be 

central for the processing of anger (Murphy et al., 2003). It has been 

proposed that inhibitory connections from the OFC to the amygdala 

work as a mechanism for suppression of negative emotions (Davidson 

et al., 2000). Strength of the coupling between OFC and amygdala 

modulates the effectiveness of reappraisal after negative emotions 

(Banks et al., 2007). Based on EEG evidence, OFC lesions have been 

suggested to degrade the ability to inhibit responses to negative 
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stimuli (Rule et al., 2002). This could explain why OFC patients often 

are impulsive and have difficulties in controlling their anger 

(Anderson et al., 1999, Blair and Cipolotti, 2000). The OFC has been 

found to be activated for pictures with moral content (Moll et al., 

2002) and with stories eliciting affective and cognitive empathy 

(Brink et al., 2011). Hence, it has been suggested to be crucial for 

socially normal and law abiding behavior. Difficulties in reshaping 

stimulus-reward associations have been also found in OFC patients 

(Fellows and Farah, 2003).  

   It has been shown using near-infrared spectroscopy (NIRS) that the 

DLPFC responses to negative valence as well as arousal and erotic 

stimuli last long after stimulus offset (Leon-Carrion et al., 2007a, 

Leon-Carrion et al., 2007b). This might suggest that the region is 

involved in the experience of emotion. Another study suggests that 

DLPFC activity is related to approach-avoidance motivation 

(Berkman and Lieberman, 2010). The DLPFC has shown emotional-

cognitive interaction during working memory, so that activation while 

keeping words in mind increased with increasing valence (Perlstein et 

al., 2002). Successful memory encoding of emotional facial 

expressions has been shown to activate the DLPFC (Sergerie et al., 

2005). In addition, the DLPFC has been suggested to be central for 

emotional self-regulation, such as suppression of sadness (Levesque 

et al., 2003). Emotional and non-emotional judgment of IAPS 

pictures has been found to elicit activations in both DLPFC and 

VLPFC (Northoff et al., 2004). 

   The VLPFC has been shown to participate in the generation and 

regulation of emotion through two subcortical pathways: one through 
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the amygdala and one through the nucleus accumbens (Wager et al., 

2008). Increased VLPFC activity has been observed with increased 

arousal facilitating physical effort (Schmidt et al., 2009). Valence of 

expressive gestures has been found to correlate positively with 

VLPFC activity (Lotze et al., 2006). Increased ambivalence in good 

vs. bad judgments has been observed to activate the VLPFC 

(Cunningham et al., 2003). In a meta-analysis, the VLPFC has been 

found to be associated especially with the evaluation of emotional 

stimuli (Lee and Siegle, 2009). Levels of valence, arousal and 

dominance have been found to modulate BOLD signal in the VLPFC 

into the same direction as the level of self-relatedness, indicating their 

interaction (Northoff et al., 2009).  

 

2.3 Neural correlates of emotion dimensions 
 

An efficient tool for studying neural correlates of valence and arousal 

is parametric fMRI or positron emission tomography (PET). In the 

following, I review over a decade of studies using this approach. 

Since bipolar valence scale is so natural to use, it is no surprise that 

most neuroimaging studies have studied the neural basis of valence 

using a bipolar scale. However, some studies with more sophisticated 

analysis techniques will also be presented. 

2.3.1 Emotion dimensions in music 
 

The first parametric valence study was done with music using PET 

(Blood et al., 1999). There subjects were presented with 1 min 13 s 
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musical excepts of the same novel song with six different sets of 

accompanying chords varying from consonant to very dissonant. This 

way the valence of the musical piece was modulated, the most 

consonant piece being pleasant and the most dissonant piece being 

unpleasant. Valence showed significant negative correlation with 

regional cerebral blood flow (rCBF) in the right parahippocampal 

gyrus and left posterior cinculate cortex (PCC) and significant 

positive correlation in the right OFC and medial subcallosal cinculate 

cortex. The correlation between rated valence and rated dissonance 

was highly significant (R = 0.57). This means that some of the 

observed neural modulations could be related to dissonance, and not 

valence as such, although existence of specific brain regions for 

musical dissonance is unlikely.  

2.3.2 Emotion dimensions in olfaction 
 

Multiple parametric studies have addressed the mechanisms of 

valence and intensity using olfactory stimuli (Rolls et al., 2003a, 

Anderson et al., 2003, Grabenhorst et al., 2007). In human olfaction, 

valence and intensity are clearly dissociable and can be modulated 

independently. Terms arousal and intensity are frequently used 

interchangeably. However, these concepts are not the same. For 

example, feelings of depression can be very intense, but of very low 

arousal. Therefore, the results with intensity in olfaction cannot be 

directly considered as evidence for general emotional arousal 

mechanisms. Intensity of odors has been found to correlate positively 

with blood oxygen level dependent (BOLD) signal in the amygdala 
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(Anderson et al., 2003) as well as in the pyriform cortex and olfactory 

entorhinal cortex (Rolls et al., 2003a). Valence has been in these 

studies associated with the activity of OFC, so that acitivity in its 

medial part increasess with pleasantness and in its lateral part with 

unpleasantness. Also Grabenhorst et al. (2007) found the medial OFC 

to be associated with pleasantness. However, they used also odor 

mixtures as stimuli and investigated how a combination of pleasant 

and unpleasant odor, experienced as pleasant, is processed in different 

brain regions. They found that in areas related to pleasant odors (i.e. 

with positive correlation with valence), the medial and anterior lateral 

OFC, the mixture of pleasant and unpleasant odor was processed 

similarly to a pleasant odor. In areas related to unpleasant odors (i.e. 

with negative correlation with valence), the posterior middle OFC, 

anterior cingulate cortex (ACC) and agranular insula, the mixture of 

pleasant and unpleasant odor was processed somewhat similarly to an 

unpleasant odor. The study showed that it is not only the cognitive 

evaluation or subjective experience of valence that mattered, but also 

the chemical components of which each odor was consisted of. 

Furthermore, it suggests that there are different mechanisms in the 

brain to process negative valence and positive valence. Odor intensity 

ratings were shown to correlate positively in the pyriform cortex and 

negatively in the anterior insula. Thus, the pyriform cortex has shown 

consistent positive correlation with odor intensity across studies, 

whereas the medial OFC has shown positive correlation with odor 

valence. 
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2.3.3 Emotion dimensions in gustation 
 

Valence and intensity dimensions have also been investigated in the 

context of human gustation (Small et al., 2003). In a 2 x 2 factorial 

design, increased intensity was associated with increased brain 

activity in the bilateral insula, pons and cerebellum, left substantia 

nigra, and right amygdala. Thus, compared to odors, the amygdala 

showed similar correlation, whereas the insula showed opposite 

correlation. Pleasant tastes compared to neutral increased brain 

activity in the bilateral caudolateral OFC, right thalamus, right 

anterior insula, and bilateral ventral striatum, and along the midline in 

the hypothalamus, ACC and subcallosal cingulate cortex. Unpleasant 

tastes compared to neutral activated the midbrain, hypothalamus, 

claustrum, anterior insula, OFC, ACC, and subcallosal cingulate 

gyrus. Importantly, the study replicated the earlier results in the OFC 

in olfactory domain; the OFC seems to have a role in valence 

processing at least in the chemosensory domain. Also noteworthy is 

that both pleasantness and unpleasantness activated the OFC, ACC 

and anterior insula, when compared to neutral, suggesting a non-

linear valence dependency in these regions. 

2.3.4 Emotion dimensions in visual domain 
 

The most often used stimuli in research on emotion dimensions are 

pictures from the International Affective Picture System (IAPS) 

(Lang et al., 2005). This is a collection of almost one thousand 

emotionally evocative pictures, that cover valence-arousal space 

relatively thoroughly. The pictures include scenes, objects, humans 
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and animals in situations ranging from highly unpleasant (such as 

mutilation) to highly pleasant (such as erotic poses). There exists 

normative ratings on scale 1–9 on three emotion dimensions – 

valence, arousal and dominance – for these stimuli (Lang et al., 

2005), but often subjects in specific studies are asked to give their 

own subjective ratings on the used stimuli. In one such study, the 

subjective ratings were correlated to the fMRI BOLD signal, but 

additionally peripheral physiologic signals of startle reflex and skin 

conductance were correlated with the BOLD signal (Anders et al., 

2004). The startle eyeblink magnitide is considered to correlate 

negatively with valence and the skin conductance responses (SCRs) 

to correlate positively with arousal. This was also confirmed in the 

study, so these peripheral physiologic signals act as objective 

indicators of the corresponding emotion dimensions. Activity in the 

bilateral amygdala and right postcentral gyrus was significantly 

correlated with the amplitude of startle reflex, whereas right 

supramarginal gyrus showed correlated activity with the SCR. The 

left anterior insula showed increased BOLD responses for increased 

unpleasantness, as rated by the subjects. Ratings of arousal correlated 

significantly positively with BOLD signal in the thalamus. 

   A more traditional study using subjective valence and arousal 

ratings of IAPS stimuli as correlates was made by (Heinzel et al., 

2005). In their study, BOLD signal strenght covaried significantly 

positively with rated valence in the orbitomedial prefrontal cortex 

(OMPFC), dorsomedial prefrontal cortex (DMPFC), medial parietal 

cortex and left insula. Significant positive correlation between BOLD 

signal and arousal was observed in the medial cerebellum. Unpleasant 
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and pleasant pictures were investigated separately in another 

parametric IAPS study (Gerdes et al., 2010). With pleasant pictures, 

BOLD signal showed significant positive correlation with valence in 

the left middle frontal gyrus (MFG), right middle temporal gyrus, 

right cerebellum, superior frontal gyrus (SFG), left dorsolateral 

prefrontal cortex (DLPFC), and right caudate nucleus. With 

unpleasant pictures no significant valence correlations were observed, 

but instead BOLD signal showed significant positive correlation with 

arousal in the right amygdala and left caudate nucleus. Anders et al. 

(2008) focused their parametric analysis on the amygdala. They 

found significant negative correlation with negative valence in the left 

amygdala and significant positive correlation with positive valence in 

the bilateral amygdala for emotional IAPS pictures but not for 

emotional sounds from the International Affective Digitized Sounds 

(IADS) collection. 

   In another parametric study with the IAPS stimuli (Grimm et al., 

2006), pictures were viewed without and with valence judgment, and 

in addition the stimuli were presented in expected and unexpected 

condition in order to modulate attention. This resulted in four 

different conditions: expected picture viewing (exPV), unexpected 

picture viewing (unPV), expected picture judgment (exPJ), and 

unexpected picture judgment (unPJ). During exPV, valence showed 

significant positive correlation with BOLD signal in the left DLPFC, 

whereas during unPV the area of activation was in the ventromedial 

prefrontal cortex (VMPFC). During unPJ, but not exPJ, valence 

showed significant negative correlation with BOLD signal in the 

bilateral DLPFC. When correlations were investigated separately for 
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positive and negative pictures, the former showed significant positive 

correlation between BOLD signal and valence in the left DLPFC in 

both unPV and exPV and the latter in the right amygdala in unPV. 

Furthermore, positive pictures showed significant negative correlation 

in the left DLPFC and negative pictures in the right 

DLPFC/ventrolateral prefrontal cortex (VLPFC) during unPJ, but not 

exPJ. Summarized, the valence correlation results showed that the 

increase or decrease of BOLD activity from negative to positive 

pictures in the DLPFC was dependent on the subjects’ task. The 

authors stated that the bilateral DLPFC could be related to the 

evaluative aspect and VMPFC to the affective aspect of valence. 

Although the study used IAPS pictures, the authors chose to name the 

second emotion dimension as intensity instead of arousal. This 

dimension correlated significantly with BOLD signal in the medial 

cerebellum during unPV, in the right VLPFC during unPJ, and in the 

DMPFC and nucleus accumbens during exPJ. No significant 

correlations were observed during exPV. 

2.3.5 Emotion dimensions with verbal stimuli 
 

Another types of stimuli often used in parametric studies of emotion 

dimensions are words (Cunningham et al., 2004, Lewis et al., 2007, 

Posner et al., 2009). The problem with such stimuli is that they do not 

necessarily induce strong subjective feelings. A person may rate 

words “murder” and “wedding” as highly unpleasant and pleasant, 

respectively, but not experience subjective feelings nearly to the same 

extent, unless perhaps having recently experienced either occurrence 
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amongst ones close ones. The results from experiments using written 

words as stimuli might not reflect the emotional mechanisms 

underlying subjective valence and arousal per se, but rather the 

mechanisms underlying the cognitive evaluation of these dimensions. 

Cunningham et al. (2004) stressed that they were studying implicit 

and explicit evaluation of emotional words. In the emotionally 

implicit evaluation task the subjects were to judge, whether presented 

word is abstract or concrete, whereas in the emotionally explicit 

evaluation the judgment was between classes good and bad. After 

scanning, the subjects rated each word on scale 0–9 by their 

goodness, badness, and emotionality, and valence was calculated as 

the difference between good and bad ratings. BOLD activity 

correlated negatively with valence in the right insula/inferior frontal 

cortex and ACC, and positively with emotionality in the left 

amygdala, for both tasks. In the explicit evaluation of emotional 

words, BOLD signal was additionally correlated negatively with 

valence in the left lateral orbital frontal cortex. In other words, in the 

regions with significant valence correlations, neural activity was the 

highest for the most negative words. Another study examined, 

importantly, different correlation models for valence in the processing 

of affective words (Lewis et al., 2007). It was observed that valence 

of words did not result in linear BOLD signal modulations. Instead, 

BOLD signal correlated negatively with negative valence in the right 

lateral OFC, posterior insula, ACC, and subgenual cingulate and 

positively with positive valence in the right lateral OFC and anterior 

insula. Quadratic (U-shaped) dependency across all valences was 

observed in the right lateral OFC, ACC, and subgenual cingulate. 
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Arousal correlated with BOLD signal in the midbrain, left insula, left 

amygdala, and putamen for negative words, and in the ventral 

striatum and subgenual cingulate for positive words. Hence, the study 

found interaction between valence and arousal in the brain. In 

conjunction of both negative and positive words, arousal showed 

activity in the ventral striatum, pallidum, and left anterior insula. 

   A way to circumvent the scarcity of elicited emotion with verbal 

stimuli is to instruct the subjects to empathize with the used word or 

phrase or to memorize or visualize an associated emotional situation. 

Using such method with emotion-denoting words, Posner et al. 

(2009) studied the neural mechanisms of valence and arousal by 

correlating their ratings given online during fMRI measurement to the 

BOLD signal. Valence showed significant positive correlation with 

BOLD signal in the left anterior insula and negative correlation in the 

right DLPFC and right precuneus gyrus. Absolute valence showed 

significant positive correlation with BOLD signal in the left DLPFC, 

bilateral medial prefrontal cortex (MPFC), bilateral ACC and PCC, 

and left caudate nucleus, and negative correlation in the left medial 

temporal gyrus and right amygdala. Arousal showed significant 

positive correlation with BOLD signal in the left parahippocampal 

gyrus and bilateral dorsal ACC, and negative correlation in the left 

DLPFC and dorsal cerebellum. Similar emotion induction paradigm 

was applied using phrases in a later study by the same group 

(Colibazzi et al., 2010). There valence showed significant negative 

correlation with BOLD signal in the right DLPFC, right frontal pole, 

rostral dorsal ACC, supplementary motor area, right occipito-

temporal junction, inferior parietal cortex, and right cerebellum. No 
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significant positive correlations with valence were observed. Arousal 

correlated positively with BOLD signal in the left thalamus, left 

caudate nucleus, left globus pallidus, left parahippocampal gyrus, left 

amygdala, premotor cortex, occipito-temporal junction, and cerebellar 

vermis. 

2.3.6 Emotion dimensions with facial expressions 
 

Observation of other people’s valence and arousal from their facial 

expressions is an important framework to study perception and 

evaluation of emotion dimensions. Subjects of (Gerber et al., 2008) 

viewed single facial expressions for 18 s and rated online their 

evaluation of valence and arousal on a 9 x 9 two-dimensional grid 

using a mouse. Also reference ratings of valence and arousal from an 

earlier study with 300 adults were used, since they were thought to 

better reflect universal automatic emotional reactions. Both individual 

and reference ratings of valence showed significant negative 

correlation with BOLD signal in the left parietal cortex and ACC, and 

reference ratings additionally in the left inferior frontal cortex. Both 

individual and reference ratings of absolute valence as well as inverse 

of arousal correlated positively with BOLD activity in the amygdala, 

cerebellum, and dorsal pons. What is noteworthy is that the 

correlations were, thus, opposite for absolute valence and arousal, 

which is quite unexpected, since high arousal and high absolute 

valence are typically thought to be linked. Arousal showed 

additionally inverse correlation in the thalamus. Individual ratings of 

absolute valence correlated positively in the fusiform gyrus and 
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occipito-temporal junction, and individual ratings of arousal 

correlated negatively in the right MPFC and ACC. 

2.3.7 Emotion dimensions with movies 
 

Although not directly addressing the neural correlates of valence, one 

more parametric study on emotions is worth mentioning. (Goldin et 

al., 2005) investigated parametrically the neural basis of sadness vs. 

amusement.  Importantly, the study approached the research question 

using movies as stimuli, enabling to monitor dynamic moment-to-

moment fluctuations in sadness vs. amusement of the subjects. 

Moreover, movies have been shown to elicit well genuine emotional 

experiences (e.g., Westermann et al., 1996). The subjects, who were 

all women, viewed two minute long sad, neutral and amusing movie 

clips twice in the scanner, and on the latter round they evaluated 

continuously their experienced emotions on a scale from 1 (extremely 

sad) through 4 (neutral) to 7 (extremely amusing). These ratings were 

then correlated with the BOLD signal. The intensity of sadness 

showed significant correlations in the MPFC, right inferior frontal 

gyrus (IFG), left posterior middle and right posterior superior 

temporal gyri, PCC, precuneus, right fusiform, right inferior and 

middle occipital gyri, left lingual gyrus, left amygdala, and left 

thalamus. The intensity of amusement showed significant correlations 

in the MPFC, DMPFC, left DLPFC, bilateral IFG, PCC, bilateral 

middle temporal gyrus, right superior temporal gyrus, right 

hippocampus, left thalamus, and right caudate nucleus. Thus, both 

sadness and amusement activated the MPFC, right IFG, PCC, and left 
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middle temporal gyrus. The relatively small number of sad and 

amusing movie clips (two per each) can be considered as a restriction 

in the experiment. Naturally, sadness–amusement scale does not have 

a one-to-one correspondence with valence scale. 

2.3.8 Emotion dimensions summarized 
 

What can be summarized from all parametric studies on emotion 

dimensions is that the picture is complex and involves a multitude of 

brain regions. The most consistent results were that the OFC showed 

positive correlation with valence and the amygdala with arousal. As a 

function of valence, the amygdala most often exhibited a U-shaped 

dependency. Other regions that were often seen processing valence 

were the insula, ACC, and DLPFC, but in these regions the type of 

the valence dependency was different in different studies. All these 

regions showed indications of both positive and negative linear 

correlations as well as a U-shaped valence dependency. The MPFC 

showed either positive linear or U-shaped correlation with valence. 

Regions involved in arousal processing included, in addition to 

amygdala, the cerebellum, insula and thalamus, but there both 

positive and negative correlations appeared. Although there were 

certain consistencies in both valence and arousal mechanisms, 

surprisingly big differences also existed across stimulus modalities. 

Meta-analytic work suggests that there is no region that consistently 

correlates with the ratings of arousal (Phan et al., 2002). 

2.3.9 Reasons for differences across experiments 
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It would seem that the modality/type of the stimulus has an important 

effect on how and where the valence and arousal processing occurs. 

Words, pictures and odors are obviously quite different kinds of 

stimuli, differing, for example, in semantic nature and content. Also 

connections from the sensory areas to, for example, the amygdala 

differ across stimulus modalities (McDonald, 1998). Moreover, some 

studies speak in terms of arousal and some in terms of intensity, the 

latter of which does not necessarily convert directly to arousal. 

Another important variation between studies is in the subjects’ 

evaluation task. Some performed it in the scanner, some outside it. In 

addition, the task could be stimulus-focused evaluation, evaluation of 

one’s own emotion or evaluation of others’ emotions. Several studies 

did not even explicitly state, whether the evaluation was stimulus-

focused or about one’s own feeling. The three different types of tasks 

yield partly different kinds of responses in the brain, yet the 

amygdala, lateral prefrontal cortex (LPFC) and DMPFC seem to 

activate to all three types of tasks; prefrontal cortical regions seem to 

activate more in stimulus-focused evaluation, and ACC and insula in 

evaluation of one’s own emotion (Lee and Siegle, 2009). The 

amygdala has been suggested to be central in fast and automatic 

emotion processing, including the encoding of emotional information 

and initial automatic responses (Whalen et al., 1998, Whalen et al., 

2004, Liddell et al., 2005), which happen regardless of the 

presentation time and task. This could explain why the responses in 

the amygdala were quite consistent. 
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2.3.10 Non-parametric research on valence 
 

Naturally, the study on the neural correlates of valence started with 

research contrasting negative, neutral and positive valences. Brain 

responses have been investigated with unpleasant, neutral and 

pleasant pictures (Lane et al., 1997b, Paradiso et al., 1999, Dolcos et 

al., 2004), tastes (O'Doherty et al., 2001), odors (Fulbright et al., 

1998, Henkin and Levy, 2001), touches (Rolls et al., 2003b), words 

(Maddock et al., 2003), music (Flores-Gutierrez et al., 2007), and 

sounds (Royet et al., 2000). Areas most commonly activated in these 

studies have been the amygdala and orbitofrontal cortex (OFC) for 

both negative and positive valences. Especially the amygdala has 

shown increased activity for negative and positive pictures (Garavan 

et al., 2001, Hamann et al., 2002), words (Hamann and Mao, 2002), 

faces (Yang et al., 2002, Breiter et al., 1996), baby faces (Baeken et 

al., 2009), and vocalizations (Wiethoff et al., 2009). Amygdala 

responds to many kinds of aversive stimulation but also to positive 

stimulation (see Zald, 2003, for a review, and Sergerie et al., 2008, 

for a meta-analysis). All in all, evidence from non-parametric 

emotion studies suggests that the amygdala would show 

parametrically a U-shaped type response with respect to valence. 

However, the results from a facial expression study by Davis and 

coworkers (2010) suggest, that these kind of responses are seen only 

in the dorsal and medial ventral amygdala, whereas the lateral ventral 

region shows stronger responses to negative than positive or neutral 

stimuli. Also salience has been suggested to be the explanation for 

amygdala activation to unpleasant and pleasant compared to neutral 
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stimuli, observed in multiple studies (Liberzon et al., 2003). In 

addition to amygdala, also the insula and nucleus accumbens have 

been found to be activated for unpleasantness and pleasantness, 

interpreted as a salience effect (Phan et al., 2004). 

2.3.11 Interaction of valence and arousal 
 

One study differing from the standard line of research investigated 

whether odor intensity and valence share an integrated representation 

in the amygdala (Winston et al., 2005). The authors found that high 

concentrations of pleasant and unpleasant odors, but, importantly, not 

neutral odors, evoked significantly greater amygdala activity than low 

concentrations of the same odors. This kind of a study was possible in 

the olfactory domain, because also neutral odors, such as gasoline, 

can be very intense. The intensity-related activations in the amygdala 

were dependent on odor valence. One possible explanation is that 

amygdala responds in fact to salience (Sander et al., 2003), so that the 

neural activity increases, when stimulus becomes more relevant to 

survival. Interactions of valence and arousal have also been found in 

the insula and PCC (Nielen et al., 2009), although there the role of 

salience was not discussed.  
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3 Aims of the studies 
 

Earlier research had indicated differences in the neural correlates of 

valence and arousal depending on the task and stimulus modality. The 

aim of this thesis was to study the neural underpinnings of valence 

and arousal in versatile manner, using many different kinds of stimuli 

in several modalities. Contrary to most of the earlier studies, here 

different correlation models allowed inferences to be made not only 

for the whole valence spectrum but also separately for negative and 

positive valences. More specifically, the motivations and goals of the 

Studies I–IV were the following: 

 

I IAPS stimuli are a natural starting point in making 

research on emotion dimensions, yet earlier studies of 

such kind had focused mainly on the linear valence 

dependencies. Study I aimed to uncover the neural 

correlates of processing valence and arousal of 

emotionally evocative visual stimuli, taking into 

account also the possibility of non-linear modulations of 

valence. 

II Emotional facial expressions are typically studied from 

the perspective of categoric emotions, and little is 

known of their processing in terms of emotion 

dimensions. Study II was designed to investigate how 

perceived valence and arousal of emotional facial 

expressions are represented in the brain, irrespective of 

the specific emotional category. 
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III Earlier research had shown variation in the 

representation of emotional valence between stimulus 

modalities, and little research with parametric fMRI had 

been done investigating valence in the auditory domain. 

In Study III we wanted to investigate valence 

representation in the brain across a wide variety of 

emotionally evocative sounds.  

IV Although valence and arousal of various emotional 

stimuli have been investigated earlier, the studies have 

not explicitly taken the perspective of the subjectively 

felt emotion. Study IV focused on the neural processing 

of subjective emotional experience of valence and 

arousal during naturalistic stimulation. 

   When starting the series of studies, it was not known whether 

BOLD signal would exhibit linear or non-linear modulations with 

respect to valence. One of the main motivations of the thesis was to 

clarify, which theoretical framework better explains neurophysiologic 

valence processes – the prevailing bipolar framework (Russell and 

Barrett, 1999) or the underdog, bivariate framework (Cacioppo and 

Berntson, 1994, Cacioppo et al., 1997). It was hypothesized that 

valence would modulate BOLD responses in the amygdala, insula 

and widely in the prefrontal cortex. The exact nature of the valence 

dependencies was aimed to be tested with the different correlation 

models. 
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4 Methods 
 

4.1 Functional Magnetic Resonance Imaging                            
 

The following review is largely based on the book by Huettel et al. 

(2004). Magnetic resonance imaging (MRI) is based on placing 

hydrogen nuclei, or protons, located within tissue in a strong static 

magnetic field. The hydrogen nuclei constitute the vast majority of 

atomic nuclei within human body that are excitable with MRI. Strong 

external magnetic field increases the net magnetization of the 

hydrogen nuclei – i.e. places more spins into a parallel, thus lower, 

energy state. In modern scanners the strength of the uniform magnetic 

field is usually 1.5–7 Tesla, but for animal use the field strength can 

be up to 20 T. The uniformity of the magnetic field is essential, 

because only that way the same basic magnetic force is exerted 

everywhere in the imaged tissue and the imaging result does not 

depend on how the tissue is placed in the magnetic field. The 

magnetic field is created by very low temperature superconducting 

coils, in which a very strong and lasting electric current is generated. 

   The magnetic resonance (MR) signal itself is produced by 

additional electromagnetic coils, called radiofrequency coils or 

transmitter and receiver coils. These coils are turned on and off 

during the image acquisition and generate and receive 

electromagnetic fields that are at the resonant frequency of the 

imaged atomic nuclei. The radiofrequency pulse of the transmitter 

coil excites atomic nuclei of the resonant frequency to a higher 

energy state. The frequency of electromagnetic radiation that is 
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needed to put a nucleus into a higher energy state is dependent on the 

magnetic field strength and the gyromagnetic ratio (42.58 MHz/T for 

hydrogen) and is called the Larmor frequency. When the 

radiofrequency pulse ends, the nuclei return to the lower energy state 

and emit the energy that was absorbed during excitation. The emitted 

photon has energy equal to the energy difference between the two 

energy states and is detected by the receiver coil or coils. The amount 

of measured energy, manifested as a current within the receiver 

coil(s), is the MR signal.  

 

 
Figure 5. GE Signa 3T MRI scanner at AMI Centre, used in all the 
performed fMRI measurements. 
 

   The current as such does not, however, contain location 

information. The spatial map is created by using so called gradient 
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coils. These make a controlled field gradient to the magnetic field 

along one spatial direction. The z-gradient is directed along the static 

magnetic field, but also the transverse gradients (x and y) are parallel 

to the static magnetic field. The difference in x-, y- and z-gradients is 

that they modulate the main magnetic field along the z-direction 

within the x-, y- and z-dimension, respectively. For example, the x-

gradient makes the main magnetic field slightly weaker for negative 

values of x and slightly stronger for positive values of x. The MRI 

image consists of volumetric elements called voxels, which in 

structural images are usually about the size of 1–2 mm in each 

dimension and in functional images about the size of 3–4 mm. The 

distinction between different voxels in space is achieved by the 

gradient coils. 

   One slice of the whole imaging volume can be selected using a one-

dimensional excitation pulse, which acts on a specific narrow range 

of Larmor frequencies hitting the protons within a specific location 

encoded by the z-gradient of the field. After that, the transverse 

magnetization is measured and encoded into two-dimensional signal 

existing in so called k-space. More specifically, this takes place using 

the x- and y-gradients, also known as the frequency encoding and 

phase-encoding gradients. The k-space is two-dimensional Fourier 

transform of the image space, so the actual image can be obtained by 

inverse Fourier transform of the k-space signal. The most popular 

method to fill the k-space with data is echo-planar imaging (EPI), 

which uses very strong field gradients. In EPI, every second line in k-

space is scanned into the opposite direction, such trajectory made 
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possible with fast changing gradients. This allows to measure one 

image in k-space with a single excitation pulse. 

   Because of a phenomenon called spin relaxation, the MR signal that 

follows an excitation pulse decays within a few seconds. So called 

longitudinal relaxation results from the excited spins in the higher 

energy state returning to the lower energy state. When spins return to 

the low-energy state, the net magnetization vector returns along the z-

direction, i.e. along the static magnetic field. The total magnetization 

being constant, the gradual shift of net magnetization in the z-

direction decays the magnetization in the transverse plane, and hence 

the MR signal. Time constant T1 characterizes in what time the 

process occurs and is different for different tissue types. So called 

transverse relaxation, for one, occurs when precessing spins in the 

transverse plane, originally at the same phase, gradually lose their 

coherence. One reason for the loss of coherence is spin-spin 

interactions. Time constant T2 characterizes in what time this process 

occurs and is different for different tissue types. Another reason for 

the loss of coherence is the inhomogeneity of the external magnetic 

field, because the precession frequency is proportional to the strength 

of the magnetic field. Time constant T2
* characterizes in what time 

the decay of MR signal due to both spin-spin interactions and 

inhomogeneities of the external magnetic field occurs and is, again, 

different for different tissue types. 

   Repetition time, TR, and echo time, TE, are important 

characteristics of an imaging sequence. TR tells the time between two 

consecutive excitation pulses, whereas TE tells the time difference 

between excitation and measurement. The typical anatomical MRI 
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images rely on the T1-contrast of the different tissues, being maximal 

at intermediate TR and short TE. For fMRI the typical contrast is T2
*, 

which works best at long TR and intermediate TE. Typically TR for 

fMRI is 1.5–4.5 s. The main underlying mechanism of fMRI is that 

the T2
*-value depends on the amount of local deoxygenated 

hemoglobin in blood, because deoxygenated hemoglobin causes 

inhomogeneities into the magnetic field. The inhomogeneities are 

result from paramagnetic properties of deoxygenated hemoglobin 

(opposed to diamagnetic properties of oxygenenated hemoglobin), 

causing the magnetic susceptibility to change locally. The local 

magnetic field gradients change the spins of the nearby hydrogen 

nuclei, causing decrease in MR signal. The level of 

oxygenated/deoxygenated hemoglobin is dependent on the metabolic 

activity of astrocytes, which, for one, correlates positively with the 

activity of the nearby neurons. The more active the neurons are, the 

more local oxygenated hemoglobin in blood will be needed and 

delivered, displacing the deoxygenated hemoglobin. Thus, increase in 

neuronal activity results in increase in the BOLD signal. 

   Neuronal activity causes characteristic changes in BOLD signal, 

called hemodynamic response (Figure 6). It has a small initial dip in 

the signal before the rise to the peak after lag of several seconds. The 

maximum value of the signal is typically reached 4–6 s after an event. 

Then the signal can plateau, if the neurons keep firing to consecutive 

events, but after stimulus offset the signal will fall, with an 

undershoot before the end. Due to sluggishness of the hemodynamic 

response TR of 1.5 s is well enough to capture the behavior of the 

hemodynamics. The most common experimental designs in fMRI 
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studies are blocked designs and event-related designs. In blocked 

design, the variable under scrutiny is considered to be at a constant 

level during a block that can last, for example, 15–30 s. This means 

that same or similar stimuli are often presented consecutively in a 

block. Blocked designs are powerful at detecting significant fMRI 

activity, but they do not allow estimation of the time course of the 

activity. In event-related design stimuli/events are separated from one 

another by an interstimulus interval (ISI) that can be something 

between 2 s to 20 s and can be jittered. Instead of steady state 

responses given by the block design, event-related designs give 

information about transient changes in neural activity. 

 

 
Figure 6. Schematic illustration of the hemodynamic response in the 
case of a short event (A) and a block of several consecutive events 
(B). Adopted from Huettel et al. (2004). 
 

4.2  Methods in the experiments 
 

Subjects were healthy persons with normal or corrected to normal 

vision (questionnaire) and normal hearing (self reported). All subjects 
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signed an informed consent form, which had been approved by the 

ethics committee of Helsinki and Uusimaa hospital district. In all 

fMRI scannings, the subjects viewed the visual stimuli via a mirror 

stationed onto the head-coil, which allowed them to see a visual 

image projected onto a translucent screen behind their head. In Study 

III, the stimulus sounds were presented to the subjects’ ears using 

pneumatic earpieces.  Stimulus sequences were presented with 

Presentation software (www.neurobs.com). 

   All fMRI measurements were conducted on a 3 T GE Signa scanner 

with Excite upgrade at the Advanced Magnetic Imaging Centre in 

Otaniemi, Finland. Functional images were acquired using gradient 

echo T2
*-weighted EPI. In all experiments, the whole or almost the 

whole brain was covered using oblique axial slices with 3 mm slice 

thickness. In Study IV, there was an additional 2 mm gap between the 

slices. The matrix size was 64x64 and field of view 192–200 mm, 

resulting in approximately cubic 3x3x3 mm voxels. TR was 1.75 s in 

Studies I–II, 2 s in Study III, and 1.737 s in Study IV, whereas TE 

was 32 ms in all studies. Flip angle was  in Studies I–II,  in 

Study III, and  in Study IV. In all experiments, anatomical images 

were acquired with a T1-weighted sequence using 1x1x1 mm 

resolution. EPI and anatomical images were coregistered and 

transformed into Talairach space (Studies I–III) or MNI (Montreal 

Neurological Institute) space (Study IV). Standard preprocessing 

techniques, such as motion correction, spatial smoothing with 

Gaussian kernel (6mm full-width-at-half-maximum in Studies I, III–

IV; 8mm in Study II), and high-pass filtering in the temporal domain 
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(cutoff 245 s in Study I; 356.42 s in Study II; 288 s in Study III; 128 s 

in Study IV), were applied to the data sets. 

   All experiments in this thesis were based on parametric fMRI: 

Valence and arousal evaluations were asked from the subjects 

(outside the scanner) on a Likert (Studies I–III) or visual analogue 

scale (Study IV). This was implemented using Presentation software 

(Studies I–II), Microsoft Excel macros (Study III) or a web-based 

Flash-script (Study IV). These subject-wise ratings were correlated 

with the fMRI BOLD signal. In other words, the predictors of the 

general linear models (GLMs) reflected the degrees of variation in 

valence and arousal. This is unlike in most traditional GLM analyses, 

where data of two conditions are contrasted. The predictors were 

convolved with the standard hemodynamic response function (HRF) 

to account for the behavior of the hemodynamics. Valence and 

arousal predictors were orthogonalized to avoid possible confounds. 

   In order to generalize the fMRI results to the whole population, all 

studies used a two stage random effects (RFX) analysis. In Studies I–

III, the analysis was performed with BrainVoyager QX (Goebel et al., 

2006), whereas in Study IV, the analysis was done with SPM5 

(www.fil.ion.ucl.ac.uk/spm/). In the first stage, beta weights and t-

values of the valence and arousal predictors were calculated for each 

voxel for each subject. In the second stage, it was voxel-wise tested, 

whether the effect size of each subject in relation to the variance 

between the subjects is large enough to support activation across 

general population. In the first two experiments in this thesis, the 

statistical threshold was set at p < 0.001 uncorrected with an 

additional 135 voxels cluster size constraint. This means that the 
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probability of Type I error or false positive result in a single voxel 

was 0.001, but the cluster size constraint took care that no single 

isolated false positives could occur. In the two later experiments, the 

statistical testing was more conservative. There we used false 

discovery rate (FDR) level 0.05, which means that the number of 

false positives in the results was on average 5%. In FDR, one first 

arranges the p-values of all voxels into order from smallest to largest. 

Basically, FDR declares active all those voxels i for which , 

where q is the FDR-threshold and V is the total number of voxels 

(Genovese et al., 2002). Hence, the most significant voxel must 

survive Bonferroni correction, but if there are large clusters of active 

voxels, these survive the threshold relatively easily. FDR favors large 

clusters, perhaps even disproportionally, but it is nevertheless more 

conservative than p < 0.001 uncorrected together with cluster size 

correction.  
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5 Experiments 
 

5.1 Nonlinear relationship between 
emotional valence and brain activity: 
evidence of separate negative and 
positive valence dimensions (Study I) 

 

As discussed in Chapter 2, understanding of valence and arousal 

processing in the human brain is still quite fragmented. Moreover, 

most studies have investigated only linear modulations over the 

valence scale. This excludes alternative possibilities that pleasantness 

and unpleasantness could be represented in the brain at least partly 

independently (see Cacioppo and Berntson, 1994, and Cacioppo et 

al., 1997, for elaboration of the theory). Study I examined the neural 

correlates of valence without a priori assumption about the linearity 

of valence response. Instead, also separate models for unpleasantness 

and pleasantness as well as U-shaped valence dependency were 

tested. 

   Two hundred seventy stimuli were selected from the IAPS 

collection, and they were divided into 30 sets of 9 stimuli, so that the 

normative valence and arousal values (Lang et al., 2005) within each 

set were approximately constant. Each stimulus set was presented to 

the subjects in fMRI using 100 ms stimulus presentation time and 

1900 ms ISI. After nine consecutive IAPS images, the subjects were 

presented with a forced-choice question, asking whether they 

considered the shown images unpleasant or pleasant. During the 6.5 s 
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visual presentation of the question, the subjects were to respond by 

pressing one of the two buttons placed in either of their hands. 

   The valence of IAPS pictures did not show linear correlations with 

the brain activity. Instead, multiple regions were found that correlated 

positively with negative valence, including the bilateral insula, right 

amygdala, right lateral sulcus, bilateral ventral PFC, and right 

DLPFC. Also multiple regions were found that correlated negatively 

with positive valence, including the bilateral insula, midbrain 

tegmentum, bilateral DLPFC, and DMPFC/ACC. Thus, the results 

suggest that unpleasantness and pleasantness of pictorial stimuli are 

represented separately in the brain. The significant correlations with 

the negative and positive valence models in the bilateral insula and 

DLPFC have been portrayed in Figure 7. Ventral parts of the 

prefrontal cortex were related to negative valences, whereas dorsal 

parts were more strongly related to positive valences. Across the 

whole valence scale, many regions exhibited an inverted U-shaped 

valence dependency. In particular, this occurred bilaterally in the 

DMPFC/ACC, DLPFC, and insula. Also arousal-dependent responses 

varied depending on whether negative or positive pictures were 

looked at.  

 

 

 



52 
 

 
Figure 7. BOLD signal in the insula and DLPFC showed significant 
positive correlation with negative valence (left sides of the image 
pairs; in orange-yellow) and negative correlation with positive 
valence (right sides of the image pairs; in blue) with the IAPS 
pictures. The data is thresholded with p < 0.001, uncorrected. 
 

5.2 Neural processing of emotional valence of 
facial expressions (Study II) 

 

In social interaction, emotions are often accompanied by facial 

expressions. Many facial expressions are naturally categorized to 

basic emotions. However, preschool children divide facial 

expressions principally into only few classes – usually to happy and 

sad – and extend these classes to cover also other types of emotions 

(Widen and Russell, 2003, Camras and Allison, 1985). This suggests 

that the categorizations that adults are using are to a great extent 

acquired and that the rudimentary element in perceiving and judging 

facial expressions may actually be the dimension good vs. bad – i.e. 

valence. Adults have been shown to process facial expressions 

simultaneously both as categories and in parametric fashion 

(Fujimura et al., 2012). 

   In Study II, the paradigm was very similar to that of Study I. The 

stimulus material consisted of 376 emotional facial expressions, 
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extracted from dynamic videos acted by professional actors and 

members of the laboratory staff. All faces were masked with an oval 

mask to exclude other visual cues besides the facial expression. Based 

on a behavioral pilot study, the stimuli were divided into 47 sets of 8 

stimuli, so that the valence and arousal values in each set were 

approximately constant. The categorical emotion classes (e.g., anger 

and disgust) could be mixed within the sets. The stimuli were 

presented in fMRI using 100 ms stimulus presentation time and 1900 

ms ISI. After eight consecutive facial expressions, the subjects were 

asked, whether the persons in the images were experiencing 

unpleasant or pleasant feelings. The visual presentation of this forced-

choice question lasted 6.75 s, and during that time the subjects were 

to give their answer using a response pad with two buttons in their 

right hand. 

   Neutral faces elicited the strongest BOLD signal in multiple brain 

regions, and activity progressively decreased towards both negative 

and positive facial expressions. Coinciding with the results of Study I, 

these regions included the dorsal PFC and insula. Similar results as 

with emotionally evocative pictures could be explained by emotional 

contagion (Wild et al., 2001) and embodied simulation (Carr et al., 

2003). In addition, the right intraparietal sulcus/supramarginal gyrus 

(IPS/SMG) showed significant positive correlation with perceived 

negative valence, significant negative correlation with perceived 

positive valence, and significant inverted U-shaped dependency 

across all valences. Figure 8 shows how the brain responses in 

IPS/SMG, MFG in dorsal PFC, and anterior insula were modulated as 

function of negative and positive valence. Additionally, several brain 



54 
 

regions showed significant BOLD signal correlations with either 

negative or positive valence, but not both. For negative valence these 

regions were the left IFG (positive correlation) and the left RSC and 

postcentral gyrus (negative correlation). For positive valence a 

significant negative correlation occurred in a large number of regions, 

including the right precuneus and left caudate nucleus. Observed 

arousal was found to correlate positively with BOLD signal in the 

IFG, which is known to be central in the mirror neuron system 

(Rizzolatti and Craighero, 2004). The IFG activity might be related to 

expression intensity relative to neutral. 

 

Figure 8. Percent signal change (PSC) compared to average regional 
BOLD signal as function of valence bilaterally in the IPS/SMG, MFG 
in DLPFC and anterior insular cortex (AIC). In all these regions, and 
several others, BOLD signal increased towards more neutral 
expressions and decreased towards more negative and more positive 
expressions. Colors of the data points indicate the proportion of 
subjects categorizing each stimulus block as negative (red) or positive 
(green). Based on the subjects’ categorizations, weighted regression 
lines have been fitted to the data for negative faces (red) and positive 
faces (green), respectively. R2-values give the weighted correlations 
squared. 
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5.3 Representation of perceived sound 
valence in the human brain (Study III)  

 

Both the amygdala and auditory cortex show increased BOLD 

activity to negative and positive valences of vocalizations and speech 

prosody (Fecteau et al., 2007, Sander and Scheich, 2001, Wiethoff et 

al., 2009, Ethofer et al., 2006). In Study III we explored whether such 

valence dependency holds true also more generally for different kinds 

of emotional auditory stimuli. The amygdala has been suggested to be 

a “salience detector” in the brain (Sander et al., 2003), so emotionally 

relevant, i.e. valenced, sounds were expected to activate it. 

   Study III used a variety of emotional sounds from the IADS-2 

collection as stimuli. Thirty-six sounds, ranging from human, animal 

and environmental sounds to music, were presented to subjects in 12 

sets of three similar valence sounds. Each sound lasted for six 

seconds. The valence and arousal values within each set were 

approximately constant, according to the normative IADS ratings 

(Bradley and Lang, 2007). The fMRI experiment was performed 

using block design, where each stimulus set was followed by a 

forced-choice question, which lasted for six seconds. The question 

asked from the subjects, whether the preceding stimulus set had in 

their opinion included more sounds by animate or inanimate entities. 

The subjects responded by pressing one of the two buttons placed in 

either of their hands. 

   As expected, valence modulated BOLD activity bilaterally in the 

amygdala and auditory cortex in U-shaped fashion (Figure 9). Similar 
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kind of activity was also observed in the DMPFC, and on the left 

hemisphere in the VMPFC, precuneus, and SMG. Either valence 

dependency as such is non-linear in these regions, or such a 

relationship is a manifestation of separate negative and positive 

valence processing mechanisms. Yet another alternative explanation 

is that stimulus salience, not valence, modulates the responses. 

Importantly, the mechanism processing emotional content of sounds 

seems to be similar with non-verbal vocalizations, speech and 

emotionally evocative sounds in general.  

 

 

Figure 9. BOLD signal co-varied strongly in U-shaped fashion with 
the valence of emotional sounds bilaterally in the amygdala and 
auditory cortex (threshold p < 0.05, FDR-corrected). 
 

5.4 Nonlinear neural representation of 
emotional feelings elicited by dynamic 
naturalistic stimulation (Study IV) 
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Studies I–III all asked the subjects to rate the stimuli and not 

emotional feelings elicited by the stimuli. In Study IV we focused on 

subjective emotional experiences and used movie stimuli, which were 

expected to induce strong emotions in subjects. Most of the movie 

clips were selected based on an earlier study (Hewig et al., 2005), 

which had confirmed emotion induction for the clips, but these were 

supplemented by a few erotic movie clips from the movie 

Emmanuelle. Both the explicit emphasis on the subjective feelings of 

valence and arousal and the possibility to monitor them from moment 

to moment were novel things in the field. 

   All movie clips were presented without sound, because all subjects 

were native speakers of Finnish, not English, and because mixing two 

stimulus modalities could have complicated the interpretation of the 

fMRI results. Study IV differed from all the other studies of this 

thesis in the respect that it had no active task for the subjects, who 

were instead asked to freely view the movie clips. There were 13 

different movie clips, average duration being 92 s. Each movie was 

preceded by a fixation cross lasting for 5 s and a short general 

depiction of the movie clip lasting for 15 s, allowing the subjects to 

have a proper context while watching the movie clip. After fMRI 

scanning, the subjects were asked to rate their real-time emotional 

experiences of valence and arousal, while rewatching the movie clips. 

This provided time series showing how valence and arousal levels 

evolved during each movie. Altogether the subjects watched the film 

clips four times: twice in the fMRI scanner and twice in the post-scan 

evaluation. 
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   Opposed to block design paradigms in Studies I–III, here we 

correlated the momentary valence and arousal values with the 

measured BOLD signal. This was accomplished by considering each 

fMRI volume as an event with specific valence and arousal and 

convolving these impulses with the HRF. The results revealed a large 

subcortical-cortical network encoding the subjective emotional 

experience of valence. An upright U-shaped dependency between 

BOLD signal and felt valence was observed in the 1) VMPFC and 

OMPFC, known to participate in generation of subjective emotional 

states, 2) IFG, important in the mirror neuron system, 3) 

somatosensory cortex, responsible for changes in somatovisceral state 

with emotions, 4) precuneus, 5) anterior and middle cingulate gyrus, 

6) insula, centrally involved in interoceptive awareness, 7) 

hypothalamus, and 8) thalamus. An overview of the U-shaped 

valence dependencies has been portrayed in Figure 10. Felt arousal 

did not significantly correlate with BOLD signal in any brain region. 

The results evidence that use of naturalistic stimuli such as movie 

clips is feasible and reliable way to study the emotional brain in its 

natural environment and timescale. As Studies I–III, also this study 

suggested that valence processing in the brain is not bipolar but rather 

that valence dependency on the level of neuron populations is 

quadratic. 
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Figure 10. Regions exhibiting significant quadratic (U-shaped) 
response to valence have been shown in orange-yellow (threshold p < 
0.05, FDR-corrected). 
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6 Discussion 
 

In this thesis, neural mechanisms underlying valence and arousal 

processing were examined. Contrary to earlier literature, none of the 

studies supported the idea of bipolar valence representation in the 

brain. Instead, Studies I–II observed inverted U-shaped valence 

dependencies as well as separate processing mechanisms for negative 

and positive valences, and Studies III–IV found upright U-shaped 

valence dependencies. Although each focusing on somewhat different 

aspects of valence, all these studies, thus, supported non-linear 

representation of emotional valence in the brain. The results suggest 

that there could exist separate neurons encoding pleasantness and 

unpleasantness of the stimuli. Experiments did not provide much 

evidence of parametric representation of arousal in the brain. 

 

6.1 Neural processing of valence 
 

In many regions that have been shown to participate in emotional 

processing, the signal strength depended on valence. The main 

similarities and differences of the results of the four studies are 

presented in Table 2. Some brain areas showed consistent valence 

dependencies across studies: The DLPFC exhibited bilaterally 

negative correlation with positive valence for both IAPS pictures and 

facial expressions. In addition, there was a positive correlation with 

negative stimuli (IAPS and faces) in the right hemisphere as well as 

an inverted U-shaped dependency bilaterally for IAPS pictures and on 

the right hemisphere with faces. The left RSC showed an upright U-
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shaped valence dependency with facial expressions and emotionally 

evocative movies. The postcentral gyrus showed an upright U-shaped 

valence dependency bilaterally for IAPS pictures and movies.  

 

Brain area Study I Study II Study III Study IV 
Hemisphere Left Right Left Right Left Right Left Right 
DLPFC –/∩ +/–/∩ – +/–/∩       
VLPFC + + +/– –    U U 
DMPFC –/∩ –/∩ – – U U    
VMPFC + +    U   U U 
Amygdala  +    U U    
Insula +/–/∩ +/–/∩ +/– –    U U 
Caudate nucleus –/∩ – –      U   
RSC    –/U      U   
IPS    – +/–/∩       
SMG    – +/–/∩ U   U U 
Precuneus    –   U   U U 
Postcentral gyrus –/+/U U       U U 
ACC –/∩ –/∩         U U 
 
Table 2. Summary of the valence correlation results of the four 
experiments. The most important brain regions involved are listed in 
the first column. Other columns show the valence dependency in 
these areas for each of the four studies. Red minus signs denote 
negative correlation and plus signs positive correlation with negative 
valence. Green minus signs denote negative correlation and plus signs 
positive correlation with positive valence. ∩-signs stand for negative 
correlation with the quadratic valence (inverted U-shaped), and U-
signs stand for positive correlation with the quadratic valence (U-
shaped). Empty spaces mean no significant correlation. Left and 
Right denote the brain hemispheres. 
 
Previous studies on the role of DLPFC in valence processing have 

provided controversial results (Gerdes et al., 2010, Grimm et al., 

2006, Goldin et al., 2005, Colibazzi et al., 2010, Posner et al., 2009). 
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However, Studies I–II of this thesis showed consistent valence results 

in the DLPFC, suggesting that the valence dependency in this region 

is non-linear. These results could be flavored with emotional 

judgment task in the scanner, since DLPFC has been found to be 

involved in emotional judgment (Northoff et al., 2004). The RSC is 

known to be one of the key regions processing emotional salience 

(Maddock, 1999), which could explain the similar results observed in 

Studies II and IV. The postcentral gyrus, for one, as part of the 

somatosensory cortex, could function as a map to subjects’ internal 

states (Damasio et al., 2000), yielding larger BOLD responses, when 

stronger emotions are felt. 

   With most other regions listed in Table 2, there was some 

divergence in the results of the different studies. For example, in the 

bilateral insula, bilateral ACC, and left caudate nucleus, IAPS 

pictures caused an inverted U-shaped valence response, whereas 

emotional movies caused an opposite upright U-shaped valence 

response. However, within ACC and caudate nucleus the coordinates 

of the significant voxels in the different studies were quite different, 

so one possibility is that the valence responses vary depending on the 

sub-region in the ACC and caudate nucleus, which are both large 

structures. Also more generally, differences across studies on the 

neural correlates of valence (and arousal) could be partly explained 

by different kind of processing in various sub-regions. For example, 

various sub-regions of the insula and cingulate cortex have been 

found to have different roles, such as encoding core affect or pain 

(Wager, 2004, Vogt, 2005), as well as to have different connectivity 

between one another (Taylor et al., 2009). The nucleus accumbens in 
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rats has been found to contain adjacent emotional sub-regions that are 

sensitive to environment (Reynolds and Berridge, 2008): Caudal 

regions that participate in generation of fear can expand rostrally in a 

stressful environment. Rostral regions that participate in appetitive 

motivation for rewards can expand caudally in a preferred 

environment. 

   Insula and ACC have been earlier found to participate in the 

subjective emotional experiences as well as cognitively demanding 

emotional tasks (Phan et al., 2002, Medford and Critchley, 2010). The 

former could explain the upright U-shaped valence dependencies in 

Study IV, since there the subjects rated their subjective emotional 

experiences. The latter phenomenon could contribute to the inverted 

U-shaped valence dependencies in Study I, since the emotional 

judgment task was probably most cognitively demanding for the 

neutral stimuli. In other words, the task in the scanner could have 

affected the BOLD signal in the insula and ACC. The DMPFC 

showed inverted U-shaped valence dependency in Study I and upright 

U-shaped valence dependency in Study III, although the exact 

coordinates were considerably more anterior in the latter study. 

Emotional judgment compared to non-emotional one has been found 

to elicit activation in the DMPFC (Northoff et al., 2004), possibly 

explaining the different results. A possible explanation for the 

differences in multiple regions – at least in the PFC – stems from the 

differences in the subjects’ tasks: correlation type in the dorsal PFC 

has been found to be dependent on whether the valence of the stimuli 

was evaluated in the scanner, as in Studies I–II, or not, as in Studies 

III–IV (Grimm et al., 2006). Indeed, cognitive and emotional 
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processes have been shown to interact, at least in the lateral PFC 

(Gray et al., 2002). Importantly, these examples show that, counter-

intuitively, cognitive evaluation of emotion can modulate valence 

processing in the brain. This could also explain why some differences 

in responses between Studies I–II and Studies III–IV were found in 

the ventral PFC.  

   The bilateral amygdala showed in Study III very strong U-shaped 

dependency on the valence of emotionally evocative sounds, which is 

highly consistent with earlier research (Garavan et al., 2001, Hamann 

and Mao, 2002, Hamann et al., 2002, Yang et al., 2002, Breiter et al., 

1996, Baeken et al., 2009, Wiethoff et al., 2009). The amygdala has 

been suggested to encode biological relevance (Sander et al., 2003), 

which would fit well to these results, probably working as a fast 

initial evaluator of the emotional stimuli (Whalen et al., 1998, 

Whalen et al., 2004, Liddell et al., 2005). In Study I, the right 

amygdala was found to process negative pictures, which is in line 

with the prevailing view of the emphasis on unpleasant stimuli by the 

amygdala (Morris et al., 1996, Lane et al., 1997b). 

 

6.2 Multifaceted valence 
 

Emotional valence, a measure of goodness vs. badness, is such a 

fundamental factor in organism’s survival that it probably has 

“infiltrated” all major neural systems in the brain during evolution. 

This could partly explain the variation in results across different 

studies, both in this thesis and earlier literature. There are possibly 

more regions sensitive to valence than a single experimental design 
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can reveal, and different paradigms and stimulus modalities uncover 

different parts of the valence processing system embedded in the 

whole cerebral cortex. One of the reasons, why different stimulus 

modalities produce differing results, is probably the different 

connectivity between different sensory areas and emotional 

processing regions such as the amygdala (McDonald, 1998). The 

major contribution of this thesis is that it shows with consistence that 

bipolar valence model alone is not adequate in characterizing the 

valence mechanisms of the brain. Instead, there appears to be brain 

regions that encode only negative or positive valence of the stimulus. 

This is a fundamental difference in how the brain processes emotional 

stimuli, and could explain why certain stimuli, such as a horror movie 

or a rollercoaster ride, can feel simultaneously unpleasant and 

pleasant. In these cases, the safe context provides a possibility to 

experience thrill that would in natural circumstances be labeled fear. 

   Present experiments cover principally three different aspects of 

valence. Studies I and III focused on the perception of emotionally 

evocative stimuli, in visual and auditory domain, respectively. The 

presentation of these stimuli likely engaged mechanisms underlying 

core affect. Study IV highlighted the (moment-to-moment) subjective 

emotional experience of valence in naturalistic settings. Study II 

examined the representation of valence observed in others’ 

expressions. These three sides of valence need not necessarily be 

represented in the same way in the brain. Yet, our studies reveal that 

all three aspects engage processing mechanisms that encode valence 

in non-linear fashion. Furthermore, the results in Studies I–II overlap 

considerably, indicating that perception of visual stimuli that elicit 
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emotions and perception of others experiencing emotions activates 

the same neural emotion systems. The experimental paradigms were 

identical in Studies I and II, and the emotional evaluation task in the 

scanner can have modulated the valence responses, as has been the 

case in (Grimm et al., 2006). Their study is noteworthy, because it 

gives evidence that brain activity may not be the same for all 

evaluations of valence. Namely, in their study the valence 

correlations in some brain regions changed depending on whether the 

subjects passively viewed IAPS pictures or judged them as negative 

or positive. Both Studies I and II showed similar valence-dependent 

responses in the DMPFC, DLPFC, VLPFC, and insula. The 

emotional facial expressions in Study II were possibly processed with 

mechanisms working through emotion sharing/simulation. 

   Also sensory systems seem to be sensitive to valence. The visual 

cortex has been earlier shown to modulate as function of negative and 

positive valences of visual stimuli (Liberzon et al., 2003), and Study 

III of this thesis revealed significant U-shaped valence dependency 

widely in the bilateral auditory cortex for emotional sounds. This 

underscores how fundamental ingredient valence is in neural 

function. The effects could be also explained by emotional salience 

rather than valence, and further studies are needed to elucidate the 

difference or possible integration of valence and salience in the brain. 

In Study IV, the focus was on the subjective emotional experience of 

valence. However, also there the distinction between different 

valence subcomponents is difficult to make: emotional movies elicit 

initial automatic emotional processes, engage mechanisms related to 

recognition and emotional evaluation of the stimuli as well as create 
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subjective feelings. It is difficult to construct an experiment 

disentangling all these. What can be said is that the subjects explicitly 

evaluated their subjective experiences of valence and these 

evaluations were correlated to the BOLD signal. Furthermore, there 

was a U-shaped dependency between the subjective ratings of felt 

valence and BOLD signal in a large number of cortical and 

subcortical regions, suggested to participate in the creation of 

subjective emotional experiences. 

   There can be marked differences in the level of emotional induction 

between different experiments investigating valence. For example, 

Lewis et al. (2007) studied valence with merely words, which do not 

induce strong emotions. Some studies ask explicitly the subjects to 

use emotional self-induction and ask them to rate their subjective 

feelings (Colibazzi et al., 2010, Posner et al., 2009). Most studies ask 

the subjects to evaluate the valence of the stimuli. The difference in 

rating the valence of the stimuli or valence of the emotional 

experience could be in many cases just a matter of scaling, since 

emotional stimuli elicit emotions – although not always very strong 

ones – in the perceivers. However, the strength of the elicited 

emotions can matter in the neuroimaging results, and in its own part, 

this can explain, why such marked differences appear across studies. 

This thesis includes experiments from the both ends of the 

perception–experience continuum. Furthermore, the difference 

between perception in Study II and experience in Study IV has been 

clearly conceptualized. The results suggest that the neural systems in 

subjective feelings partly differ from the ones of emotional 

perception, although both aspects of valence seem to be processed in 
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non-linear fashion, and, hence, not bipolarly. All emotion 

experiments probably engage the initial automatic emotional systems 

in a fast unconscious manner. Thus, dissociating these responses from 

other aspects of valence is difficult. 

 

6.3 Quadratic valence representation 
 

   There are several possible explanations for the quadratic (U-shaped) 

dependency of BOLD signal on valence. First, this could be a 

manifestation of separate representations of pleasantness and 

unpleasantness in the brain. This view is supported by single cell 

research on monkeys, which has shown separate neurons in the 

amygdala encoding negative and positive valences (Paton et al., 

2006). Also the fact that many regions in Studies I–II showed 

responses to only negative or positive valence, supports the idea of 

two distinct mechanisms also more widely across the brain. Earlier 

research has shown that scent of jasmine flower, which consists 

chemically of pleasant and unpleasant components, is processed 

similarly as pleasant odors in regions specific to pleasant odors and 

similarly as unpleasant odors in regions specific to unpleasant odors 

(Grabenhorst et al., 2007). This suggests that the division into 

unpleasantness and pleasantness processing occurs – at least partly – 

already subliminally. Theoretically, there needs to be some neural 

mechanisms that are responsible for approach and withdrawal 

behaviors, which have been shown to function independently (Miller, 

1959). The most parsimonious explanation is that there are separate 
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emotional representations for unpleasantness and pleasantness, which 

are closely linked with behavior (and thought). 

   Second, the quadratic valence dependency could be explained by 

attentional modulation: Emotional salience, leading to increased 

exogeneous attention, could underlie the upright U-shaped valence 

dependency. Emotional ambivalence, often biggest for neutral stimuli 

and leading to increased endogeneous attention, could underlie the 

inverted U-shaped valence dependency. However, in Studies I–II 

emotional ambivalence was accounted for in the analysis, so it does 

not provide a plausible explanation after all. Emotional salience, 

instead, could explain some of the observed results. In particular, the 

auditory cortex activity has been found to increase with increased 

attention (Grady et al., 1997, Jancke et al., 1999), and, thus, 

emotional salience could in its part explain the observed activations 

in Study III. Regions processing salience can identify stimuli that are 

relevant to organism’s survival and, thus, act as an economic way to 

allocate further attention to the stimuli (Liberzon et al., 2003). Of 

course, after initial attentional capture, one must also judge the 

stimulus in terms of good vs. bad – i.e. valence – in order to behave 

in appropriate fashion. With fMRI, having a temporal resolution in 

the order of seconds, disentangling effects of valence and salience is 

difficult. 

   Third, the quadratic valence dependency could occur simply due to 

difference in emotional vs. non-emotional processing. However, in 

such case one would need still an additional mechanism, which would 

encode whether stimuli are negative or positive, because otherwise 
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unpleasant and pleasant stimuli would not be differentiated. Such 

explanation, thus, is not the most parsimonious and credible one.  

   Fourth, the observed inverted U-shaped dependency could be due to 

higher executive function demands for the neutral stimuli, especially 

considering the subjects’ task in Studies I–II. Although the proportion 

of neutral stimuli was in these experiments small, it cannot be 

completely ruled out that the task was so different for neutral 

compared to emotional stimulus blocks, that executive function could 

explain some of the observed correlations. Additional data analysis in 

Study II, which left out two most ambiguous neutral blocks, revealed 

minor changes in the upright U-shaped dependency but not the 

inverted U-shaped dependency nor in the separate analyses for 

negative and positive valences. This speaks against the executive 

function hypothesis. To know more of the role of the executive 

function demands, one would, however, need to replicate the 

experiments using a non-emotional judgment task, such as majority 

of horizontal vs. vertical images in Study I and majority of female vs. 

male faces in Study II, or to have the subjects just passively view the 

stimuli.  

   In addition to the aspects discussed above, one should note that the 

brain responses to the emotional judgment of the stimuli may in some 

regions vary as function of valence (Grimm et al., 2006). 

 

6.4 Neural processing of arousal 
 

The research of this thesis did not provide much enlightenment into 

the neural prosessing of arousal. Only Studies I–II showed minor 
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evidence of arousal dimension, and in Study II the results can be 

explained by the difference in facial expression intensity between the 

neutral and emotional expressions. With faces, significant 

correlations with arousal were observed only in the IFG, which has 

also earlier been found to be involved in the evaluation of emotional 

facial expressions (Nakamura et al., 1999). Moreover, the IFG is 

known to be a key element in the mirror neuron system (Rizzolatti 

and Craighero, 2004). Rather than directly to arousal, this region 

could be sensitive to the magnitude of the facial expression. 

   In Study I, BOLD signal to unpleasant IAPS pictures correlated 

positively with arousal in the ACC and BOLD signal to pleasant 

IAPS pictures correlated positively with arousal in the substantia 

innominata. Hence, the arousal-sensitive processing was valence-

dependent. In earlier studies, both positive (Posner et al., 2009) and 

negative (Gerber et al., 2008) correlations between BOLD signal and 

arousal have been observed in the ACC. Hence, one should not make 

too far reaching conclusions based on a single study. The substantia 

innominata has been earlier found to be involved in novelty detection 

(Wilson and Rolls, 1990, Wright et al., 2003). Novel stimuli are 

probably also more arousing, so it is possible that the arousal and 

novelty mechanisms in the substantia innominata are related. 

Substantia innominata also receives its principal projections from the 

amygdala (Russchen et al., 1985), so in this sense the arousal 

correlations are plausible. When one looks throughout the literature, it 

would seem that only amygdala consistently shows arousal-dependent 

activations (Anderson et al., 2003, Small et al., 2003, Anders et al., 

2008, Lewis et al., 2007, Colibazzi et al., 2010). This suggests that 
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the amygdala is an important component in arousal processing, 

possibly related to its key role in processing fear (Liddell et al., 

2005). Evidence of other regions’ involvement in the processing of 

emotional arousal is, in contrast, scarce or inconsistent. Possible 

explanation for the lack of arousal correlations in the amygdala in the 

studies of this thesis is that amygdala might emphasize very high 

arousal in particular, and the arousal values in this thesis were only in 

the intermediate range of the arousal scale. 

 

6.5 Conclusions 
 

Emotion is a concept referring to a very complex aspect of human 

life. The present findings show that recognized valence of 

emotionally evocative pictures and sounds – probably related to core 

affect –, perceived valence of emotional facial expressions, and 

subjectively felt valence of naturalistic stimuli seem to be all 

processed in quadratic fashion in the human brain. This challenges 

earlier conceptions that valence would be one bipolar dimension, 

although one must not disregard earlier studies, but rather 

acknowledge the complexity of valence phenomenon. It would seem 

that, although certainly in most cases psychologically bipolar, on the 

neural level valence has, at least partly, a bivariate representation. 

Support for bivariate valence representation was obtained in Studies 

I–II by directly observing significant correlations with negative 

valence or positive valence in certain brain areas. In other words, 

there exist two neural processes that are responsible for encoding the 

level of unpleasantness and pleasantness, respectively. These two 
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processes are at least partly implemented in different sets of neurons 

(cf. Paton et al., 2006). 

   Regions that were found to be particularly important in valence 

processing included both dorsal and ventral PFC, insula, and 

amygdala. With emotionally evocative sounds, strong U-shaped 

valence dependency was observed in the bilateral auditory cortex, 

indicating that also sensory cortices can be valence-sensitive. Valence 

processing system seems to contain a large number of cortical and 

subcortical regions, possibly forming a network or networks that 

valuate stimuli as negative and positive. Parts of the valence 

processing system also participate in the creation of subjective 

emotional experiences of unpleasantness and pleasantness. 
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