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Abstract 
Emotions guide organisms in constantly changing dynamic 
environments. While the majority of previous studies have assessed 
neural basis of emotions elicited by impoverished stimuli (e.g., pictures or 
words), it has been shown that dynamic naturalistic stimuli (e.g., movies 
and stories) elicit stronger subjective emotional experiences. Here, we 
studied the neural basis of subjective feelings of pleasantness and 
unpleasantness (i.e., emotional valence) and emotional arousal by 
presenting sixteen participants with thirteen emotional and neutral movie 
clips during 3-Tesla fMRI scanning. After scanning, the participants 
viewed the clips again and rated their moment-to-moment subjective 
experience of valence and arousal. These participant-wise experiential 
time series were used to model each participant’s brain activity during 
viewing of the movies, while factoring out contributions of physical 
stimulus features. The results suggest that a set of cortical and 
subcortical areas encode subjective feelings in nonlinear fashion; we 
observed a quadratic (U-shaped) dependency between the experienced 
emotional valence and BOLD signal in insula, somatosensory cortex, 
anterior and middle cingulate cortices, hypothalamus and thalamus, 
inferior frontal gyrus, and in medial prefrontal and orbitofrontal cortex. We 
propose that this network of brain areas represents the subjectively 
experienced valence as deviations from the neutral emotional state.  
 
Keywords: brain, functional magnetic resonance imaging, naturalistic 
stimuli, emotional valence, arousal 
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Introduction 
Both early [1] and recent [2,3,4] models of affective processing dissociate 
between the initial automatic physiological and neural changes elicited by 
the emotional event, and subsequent conscious representation of these 
changes, which is called feeling or subjective emotional experience. 
Whereas the automatic neural and bodily emotional responses provide 
immediate means for protection (i.e., the “fight or flight” response), the 
conscious representation of these changes allows the individual to match 
physiological and experiential reactions with the behavioral context [5]. 
Consequently, this enables the individual to voluntarily fine-tune his/her 
behavior to better match with the changes observed in the environment.  
 Recent neuroimaging studies have elucidated the neural 
systems responsible for encoding emotional information from the sensory 
input [see reviews in 6,7], however, less is known about how brain 
represents the subjectively experienced, pleasant and unpleasant, 
emotional states. A limited number of studies have assessed the brain 
basis of emotional feelings using self-induction of emotions [8,9] and 
viewing emotional movies [10,11,12,13]. However, much of what we 
know about the neural basis of emotional feelings stems from 
experiments where pictures or other relative simple stimuli have been 
presented to participants, even though naturalistic stimuli (e.g., movies 
and narrated stories) have been shown to be more robust in eliciting 
emotions [14]. In the present study, we aimed to reveal the neural 
systems that underlie emotional feelings of pleasure and displeasure 
(i.e., valence) and arousal during prolonged, naturalistic movie 
stimulation with varying affective content, and modelled the functional 
relationship between the experienced emotional state and the activity of 
these neural systems. 

 
Neural basis of subjective emotional experience 

It is a generally held view that emotional feelings arise when one 
becomes aware of the central and peripheral physiological changes 
brought about by the emotionally laden stimulus, and possibly attributes 
these changes to some external or internal event. Existing evidence from 
imaging studies suggests that emotional feelings are brought about and 
accessed by the coordinated activity of a neural circuit involving systems 
that i) evaluate and encode the affective input, ii) evaluate the rewarding 
versus punishing value of the stimulus and trigger corresponding 
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autonomic changes in the observer, and iii) finally access the changes in 
the somatovisceral state and generate the corresponding, consciously 
accessible affective feeling [3,15]. In this circuit, amygdala first encodes 
emotional salience of visual input [see review in 16], and the circuit 
comprising of amygdala, MPFC and anterior cingulate cortex (ACC) 
governs visceromotor control [17], with MPFC serving a critical role in 
triggering autonomic emotional responses to external events [18,19]. The 
anterior insula might support interoceptive awareness of the bodily 
change [e.g. 20,21], and the sensory representation of the homeostatic 
state in the anterior insula may subsequently trigger the subjective 
experience of emotion.  

Along with the insula, the somatosensory cortices have been 
suggested to underlie the transformation of somatic states into subjective 
feelings; somatosensory cortices seem to be involved in the 
representation and encoding of the bodily states caused by emotions, 
and lesions to this region dampen subjective emotional feelings triggered 
by external stimuli [22]. Furthermore, lesions [15] and transcranial 
magnetic stimulation [23] to somatosensory cortices are known to impair 
recognition of facial expressions, suggesting their role in constructing the 
somatic representation of one’s (or someone else’s) emotional state. In 
line with this, the somatosensory cortices are activated when participants 
simulate others’ emotional but not neutral states [24].  

Both positive and negative subjective feelings seem to activate 
the MPFC, amygdala and thalamus, as evidenced by a handful of studies 
using emotional movies [11,12,13,25]. In addition, studies using 
emotional self-induction have observed activations related to negative 
and positive feelings in the amygdala [8,9,26]. In a study investigating 
fear, sadness, anger, and happiness, recall-based emotion induction 
caused partly different activations during the different emotions but also 
conjoint patterns of activation and deactivation in the OFC, right insula, 
and right second somatosensory cortex [27]. In a recent fMRI study, 
subjective emotional experience was separated from the perception of 
emotional stimuli [28]. In this study, blocks of aversive vs. neutral 
pictures were presented to subjects who were to rate their subjective 
emotional experience four times on 6s intervals after the presentation of 
each block. Whereas a large number of regions, including the amygdala, 
were activated during perception of aversive vs. neutral picture blocks, 
only some of them remained active during subsequent 26s (including 2s 
transition) period, suggesting that these regions contributed to the 
subjective emotional experience. These regions included left 
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hippocampus, thalamus, cerebellum, and right lateral OFC. In other 
studies, the OFC has been suggested to link an object’s value (reward or 
punishment) to subjective emotional experience [29], and it has also 
been suggested to play a key role in accessing the subjective emotional 
experience, as evidenced by lesions in the bilateral OFC severely 
altering emotional feelings [30].  

 
Neural representation of valence and arousal 

So-called categorical emotion models maintain that there exist 
discrete “basic” emotions which are evolutionary scripts with distinct 
neural and physiological basis that enable us to direct one’s behavior in 
the most suitable and profitable way when one encounters challenges in 
the environment [31]. On the contrary, the dimensional models posit that 
the whole emotional space covering the discrete emotions can be 
represented by linear combinations of a limited set vectors, the most 
salient being valence (unpleasantness vs. pleasantness) and arousal 
[32,33]. In terms of motivation, valence refers to avoidance vs. approach, 
and arousal refers to the intensity of activation, ranging from calm to 
highly tense. A bulk of neuroimaging studies implementing parametric 
designs have addressed how valence and arousal of pictures (including 
faces), words, scents and sounds are represented in the brain 
[34,35,36,37,38,39,40,41,42]. These studies have consistently shown 
that valence modulates responses particularly in the prefrontal cortical 
(PFC) regions and insula, whereas arousal modulates activity in the 
amygdala. Interestingly, some studies have suggested that valence is 
represented by separate positive and negative dimensions, rather than a 
single dimension ranging from negative to positive [43,44]. More detailed 
analysis of the response properties of the brain circuits encoding valence 
has suggested that there may actually exist a quadratic (X2) rather than 
linear relationship between valence and BOLD signal intensity 
[39,40,41,42]. These data suggest that separate neural populations could 
actually encode negatively and positively valenced events [cf. 44]. 
However, these experiments have focused on the sensory evaluation of 
the emotional stimulus qualities, and currently it remains elusive how 
subjective experiences of valence and arousal are represented in the 
brain. 
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Using cinema to study emotional feelings in naturalistic contexts 
Recent advances in neuroimaging data analysis techniques 

have made it possible for neuroscientists to study brain function in 
settings that resemble the complexity and unpredictability of real life. 
Interestingly, such studies have revealed that natural dynamic stimuli 
activate the brain more strongly and reliably than the conventional well-
controlled but often very unnatural stimuli (for a review see [45]). From 
experimental point of view, cinema also provides an excellent condensed 
simulation of emotions in real life, as most movies describe human 
interactions and environments in naturalistic conditions, yet movies can 
be used to elicit emotions in highly standardized settings. Importantly, 
reviews on emotion induction have consistently found that films are the 
most effective way to induce emotional states in human participants 
[46,47]. Whereas brief sensory stimuli such as still pictures, faces and 
words are well suited for studying the sensory and evaluative processing 
of emotions, films elicit robust and genuine emotional feelings [48]. 
Importantly, even a short one-minute movie clip can trigger a multitude of 
affective experiences in the observer, and such experiences can be 
measured in real time. As emotional experiences unfold over time while 
watching films, such an approach enables powerful parametric designs 
for studying the affective experiences elicited by different events in the 
movies. 
 
The present study  

At present, studies addressing the neural systems encoding 
subjective moment-to-moment emotional experiences from dynamic 
scenes are sparse, as well as studies addressing the cerebral 
mechanisms underlying subjective experience of emotional valence and 
arousal. In this study we characterized the neural systems supporting 
subjective emotional experiences of pleasantness and unpleasantness 
as well as arousal in a naturalistic setting. Participants viewed a set of 
film clips with varying valence and arousal while their brain activity was 
measured with fMRI. After scanning, they viewed the movies again and 
evaluated their moment-to-moment experience of valence and arousal. 
The participant-wise valence and arousal time series were then used in 
general linear model (GLM) to predict neural responses to subjective 
experiences of valence and arousal while viewing the movies. On the 
basis of previous studies on the neural representation of valence 
[39,40,41,42] we predicted that we would observe a quadratic 
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dependency between BOLD signal and valence in the core network of 
brain areas that give rise to emotional experiences. More specifically, U-
shaped valence dependency was expected in the insula [27,40,49], 
medial prefrontal cortex [11,12,13,25,40,41,50], somatosensory cortex 
[27,40], and ACC [26,39,49,50], as well as sub-cortical structures in the 
limbic system and thalamus [12,25,26,41]. 

 
Materials and Methodology 

Participants 
The Ethics Committee of the Helsinki and Uusimaa Hospital 

District approved the study protocol, and the study was conducted in 
accordance with the Declaration of Helsinki. Sixteen volunteers (3 
females and 13 males, ages 25-49 years, mean age 32 years) with 
normal or corrected to normal vision participated in the study. Individuals 
with a history of neurological or psychiatric disease or currently taking 
medication affecting the central nervous system were excluded. All 
participants were compensated for their time and travel costs and signed 
ethical committee-approved informed consent forms. 

 
Stimuli and experimental design 

Stimuli, design, and the stimulus rating system are summarized in 
Figure 1. The video stimuli were thirteen approximately 90-s segments 
(Mduration = 92 s, SDduration = 30 s) cut from Hollywood feature films such 
as When Harry Met Sally and The Godfather eliciting strong positive, 
neutral or negative emotional feelings. Most of the stimuli (See Appendix 
1) were selected from the affective films database devised by Hewig and 
colleagues [48]. All movies were presented without sound in order to 
reduce the potential confounds associated with the English speech in the 
movies, as all participants were native Finnish speakers. Also, 
importantly, valence and arousal processing has been found to vary 
depending on the stimulus modality (e.g.,[34,38,39,40,41,51,52]), so we 
did not want complicate the interpretation of results by mixing two 
stimulus modalities. While being scanned, the participants watched all 
the films twice in a fixed order. They were instructed to watch the movies 
similarly as if they were watching movies from TV or at cinema. Each 
movie was preceded by a 5-s presentation of a fixation cross followed by 
15-s presentation of a short, emotionally neutral text that explained the 
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general setting of the forthcoming film without revealing its actual 
content. This served both as a washout period for the emotion elicited by 
the previous film, and also provided a context for the forthcoming film 
segment. Total task duration was 48 minutes. All stimuli were presented 
via an angled mirror above the participant’s eyes, which reflected images 
projected onto a translucent screen in the bore of the magnet behind the 
participant’s head. 

 

 
Figure 1. Experimental design. Participants watched short (29–133 s) 
movie clips eliciting pleasant, neutral and unpleasant emotional feelings. 
The movies were preceded by a 5-s presentation of a fixation cross, and 
15-s presentation of a text that described the general context of the 
upcoming movie without revealing details of its actual events. After 
scanning, participants watched the movies again and rated their 
moment-to-moment experiences of valence and arousal on a continuous 
scale by moving a slider bar at the right side of the screen using a 
mouse. 
 
Behavioural measurements 

After scanning, the participants viewed the movie clips again and 
rated their moment-to-moment subjective emotional experience. Ratings 
for valence and arousal were acquired on separate runs, the former for 
valence and the latter for arousal. While viewing each movie, participants 
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used a mouse to move a cursor up and down on a valence (or arousal) 
scale shown at the edge of the screen according to their current 
emotional feeling. We used the mouse instead of a slider, since it has 
been found to be faster (and as accurate) response method [53], and 
continuous rating demands fast responses. Responses were sampled at 
5 Hz. For fMRI data analyses, the responses were rescaled to range 
from one (negative valence; low arousal) to nine (positive valence; high 
arousal). This resulted in participant-wise time series of experience of 
valence and arousal during each movie clip that were subsequently used 
to model corresponding BOLD signal changes.  
 
Controlling low-level visual features 

To control for confounds arising from low-level sensory features, 
moment-to-moment low-level visual features were analyzed from the 
movies at a rate of 0.59 fps (equaling one TR) and modeled as nuisance 
covariates in the 1st-level fMRI data analysis (see below). The properties 
of the color profile were represented with hue-saturation-value (HSV) 
color model. For detection of edges in the movie frames, we used Gabor-
filters [54] due to their similarity with the receptive fields found in the 
human visual system. Twenty-four Gabor filters with three receptive field 
sizes and eight orientations were used to filter the movie frames, 
accommodating a wide range of edge characteristics. By averaging over 
each edge type we obtained an edge profile, a single value representing 
the amount of edges in the current frame of the movie. Movement was 
calculated by first estimating the optical flow for the video stimuli by 
calculating the movement of each pixel from one video frame to the next 
one. From this optical flow vector map we calculated the mean length of 
vectors and used it as a measure of movement [55].  

 
fMRI acquisition and analysis 

MR imaging was performed with General Electric Signa 3 Tesla 
MRI scanner with Excite upgrade at Advanced Magnetic Imaging Centre 
at the Aalto University School of Science. Whole-brain data were 
acquired with T2*-weighted echo-planar imaging (EPI), sensitive to blood 
oxygen level-dependent (BOLD) signal contrast (27 axial slices, 3 mm 
slice thickness; 2 mm slice gap; time repetition = 1737 ms; time echo = 
32 ms; field of view = 192 mm; voxel size: 3 X 3 X 3 mm). A total of 1700 
volumes were acquired, and the first 5 volumes were discarded to allow 
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for equilibration effects. T1-weighted structural images were acquired at 
a resolution of 1 X 1 X 1 mm. 

Data were preprocessed and analyzed using SPM5 software 
(www.fil.ion.ucl.ac.uk/spm/). The EPI images were sinc interpolated in 
time to correct for slice time differences and realigned to the first scan by 
rigid body transformations to correct for head movements. EPI and 
structural images were coregistered and normalized to the T1 standard 
template in MNI space (Montreal Neurological Institute (MNI) – 
International Consortium for Brain Mapping) using linear and non-linear 
transformations, and smoothed with a Gaussian kernel of full width at 
half maximum of 8-mm.  
 A random effects model was implemented using a two-stage 
process (first and second level). This random-effects analysis assessed 
effects on the basis of inter-participant variance and thus allowed 
inferences about the population that the participants were drawn from. 
For each participant, we used a GLM to assess regional effects of 
valence and arousal on BOLD indices of activation. Time series of 
subjective valence and arousal ratings during movie viewing were down-
sampled to 1 TR, and modeled as parametric modulators by convolving 
them with the standard hemodynamic response function. Individual 
ratings were used for each subject instead of the group averages of the 
ratings. Both first and second order modulations were modeled for 
orthogonalized valence and for arousal; when modeling for valence, 
arousal scores were modeled as nuisance effects and vice versa. In a 
separate analysis, we also tested linear valence and arousal effects for 
either negative or positive parts of the valence / arousal dimensions. 
Low-level visual parameters were included as nuisance covariates in all 
first-level models. Low-frequency signal drift was removed using a high-
pass filter (cutoff 128 sec) and AR(1) modeling of temporal 
autocorrelations was applied. The individual contrast images were 
generated for the positive and negative first and second order effects of 
valence and arousal as well as for their first order effects restricted to 
either negative or positive valences. The second level analysis used 
these contrast images in new GLMs from which the statistical images, 
i.e. SPM-t maps, were generated. With balanced designs at first level 
(i.e. similar events for each participant, in similar numbers) this second 
level analysis closely approximates a true mixed effects design, with both 
within and between subject variance. The statistical threshold was set at 
p < 0.05, with False Discovery Rate (FDR) correction applied in order to 
control for false positives. 
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Results and Observations 
Valence and arousal ratings of the film clips were consistent 

between participants (average standard deviation for valence 1.22 and 
for arousal 1.68), indicating that these measures were reliable. Figure 2 
shows the means and 95% confidence intervals for the ratings of each 
film. Mean valence for the neutral films was 4.60, for the negative films 
3.39, and for the positive films 6.77 (see Appendix 1 for details). Self-
reported valence correlated positively with color saturation and value, 
whereas arousal correlated negatively with the amount of edges and hue 
(Table 1). Modeling the BOLD signal with linear effects of valence or 
arousal failed to reveal any sites of activity at p < 0.05 FDR-corrected 
statistical threshold. This was true also when nuisance covariates (i.e., 
low-level visual features) were excluded from the analysis. Thus, the lack 
of linear valence or arousal effects was not due to correlated nuisance 
covariates cutting down the real effects.  
 

Figure 2. Means (black) and 95% confidence intervals (orange) of self-
reported dynamic valence (top) and arousal (bottom) ratings. Vertical 
lines denote breaks between movie clips. Horizontal line at valence 5 
denotes neutral. Target emotions: NEU = neutral, PLE = pleasure 
(happiness), DIS = disgust, SAD = sadness, ERO = erotic (sexual 
arousal), FEA = fear. 
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 Arousal Movement Egdes Hue Saturation Value 

Valence -0.1976 0.0232 0.2983 -0.1705 0.4836** 0.4127* 

Arousal   0.0578 -0.6270** -0.4020* 0.2622 -0.2053 

Movement     -0.0943 -0.0811 0.0293 0.0925 

Edges       0.3501 -0.2397 0.5650 

Hue         -0.3683** 0.2422* 

Saturation           0.0718 
 

Table 1 Correlations between valence and arousal time series and the 
visual parameters extracted from the movies. Effective sample sizes for 
the statistical tests have been calculated with a method presented in 
(Dawdy & Matalas, 1964), taking into account the temporal 
autocorrelations. Note: * = p < .05, ** = p < .001. 
 

Significant positive quadratic (U-shaped) effects for valence 
were observed in multiple brain regions (Figures 3-4). The regions 
included bilaterally the insula, orbitomedial prefrontal cortex (OMPFC) 
and VMPFC, precuneus, inferior frontal gyrus (IFG), middle cingulate 
cortex, precentral gyrus, somatosensory cortex (postcentral gyrus, 
supramarginal gyrus (SMG)), and hypothalamus. Other regions with 
significant positive quadratic valence dependency included the right 
superior temporal gyrus (STG), left caudate nucleus, left retrosplenial 
cortex, right anterior and posterior cingulate cortex, and left thalamus. 
Full summary of clusters showing significant positive quadratic 
dependencies with valence is presented in Table 2. There were neither 
significant negative quadratic (inverted U-shaped) effects of valence, nor 
any significant quadratic effects of arousal. In a complementary 
approach, we divided the valence dimension from neutral (5) into two 
separate parts (positive and negative), and modeled the effects of 
positive and negative valence on BOLD signal separately. In other 
words, analysis was restricted to either negative or positive parts of the 
movies, as evaluated by each participant. In this analysis, we failed to 
find significant correlations between BOLD signal and valence or arousal 
at p < 0.05 FDR-corrected statistical threshold.  
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Figure 3. Brain regions encoding subjective emotional state in quadratic 
(X2) fashion (p < 0.05 FDR corrected). PFC = prefrontal cortex.  
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Figure 4. Axial section of the brain showing quadratic (X2) responses to 
valence (p < 0.05 FDR corrected). 
 
Region Laterality X Y Z T 

Precuneus L/R 12 -62 34 7.10 

Inferior frontal gyrus (Ventrolateral prefrontal 
cortex), Insula R 40 26 8 6.23 

Inferior frontal gyrus (Ventrolateral prefrontal 
cortex) L -48 14 8 4.73 

Insula L -38 2 20 4.00 

Postcentral gyrus (Somatosensory cortex) R 52 -26 48 4.13 

Postcentral gyrus (Somatosensory cortex) L -32 -36 48 5.92 

Supramarginal gyrus (Somatosensory cortex) L -66 -26 36 6.81 

Supramarginal gyrus (Somatosensory cortex), 
Superior temporal gyrus R 58 -34 23 5.38 

Inferior temporal gyrus R 52 -50 -8 6.19 

Precentral gyrus (Motor cortex) L -58 -22 26 4.46 

Precentral gyrus (Motor cortex) R 52 0 44 3.59 

Superior orbital gyrus (Orbitomedial prefrontal 
cortex) L -18 58 -4 4.51 
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Orbitomedial prefrontal cortex R 18 62 6 4.13 

Anterior cingulate cortex  R 11 38 30 3.85 

Middle cinculate cortex L/R 2 -20 30 3.87 

Middle cinculate cortex L -6 8 44 3.43 

Posterior cingulate cortex R 14 -38 40 3.12 

Retrosplenial cortex L -8 -42 28 3.58 

Hypothalamus R 8 -4 -6 3.73 

Hypothalamus L -6 -4 -6 3.42 

White matter posterior to lentiform nucleus R 32 -20 0 3.73 

Middle frontal gyrus (Ventrolateral prefrontal 
cortex) L -42 42 10 3.55 

Ventromedial prefrontal cortex L -18 38 16 3.13 

Ventromedial prefrontal cortex R 10 55 16 3.19 

Caudate nucleus L -16 -12 30 3.10 

Calcarine sulcus L -24 -70 10 3.33 

Thalamus L -16 -22 12 3.09 

Supplementary motor area L/R -6 -10 68 3.03 

Cerebellar vermis L/R 0 -62 -14 3.11 

 

Table 2 Brain regions showing increased activity as a second-order (X2) 
function of valence (p < 0.05, FDR corrected). Coordinates are in the 
MNI space.  
 

Discussion 
Our results reveal how the brain continuously tracks the affective 

valence of sensory input during extended dynamic natural stimulation, 
and generates corresponding subjective feelings of pleasantness and 
unpleasantness. The data show how moment-to-moment fluctuations in 
the experienced valence of emotions modulate brain responses in limbic 
(thalamus, hypothalamus, insula), somatosensory, (postcentral gyrus, 
supramarginal gyrus), and frontocortical (lateral and medial prefrontal 
cortex) components of the circuit encoding emotional feelings. Critically, 
we were able to establish that the subjective emotional experiences of 
valence and the BOLD responses in the affect circuits had a U-shaped 
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rather than linear relationship, with both unpleasant and pleasant 
emotional feelings leading to increased brain activity. These effects were 
observed while controlling for low-level visual features of the movie 
stimulus, thus suggesting that the valence-modulated effects were not 
confounded with mere sensory properties of the films but, rather, that 
they reflect genuine effects brought about by the subjective emotional 
experiences.  

 
Brain systems underlying subjective emotional experience 

Previous imaging and lesion studies suggest that subjective 
emotional states arise and are accessed by a coordinated cortical-
subcortical network comprising of amygdala, thalamus and 
hypothalamus, insula and somatosensory cortices, anterior cingulate 
cortex (ACC), and dorsal and ventral medial prefrontal cortex (VMPFC), 
as well as orbitofrontal cortex (OFC) [3,15]. We found that subjective 
feelings of pleasantness versus unpleasantness (valence) significantly 
modulated the activity of these circuits in a quadratic fashion during 
prolonged, naturalistic emotional stimulation. First, self-reported valence 
significantly modulated BOLD responses in regions encoding emotional 
salience and regulating autonomic nervous system (ANS) including 
hypothalamus, thalamus and caudate nucleus. As hypothalamus 
regulates the functioning of ANS [56], it is understandable that it showed 
increased activation towards both negative and positive valence events, 
as both types of events require adjustments in the ANS activity. This is 
also in accordance with findings from previous fMRI studies that have 
established that hypothalamic activity is increased for both pleasant and 
unpleasant emotional stimuli [57]. Thalamus has been associated with 
numerous emotion-related functions such as integrated autonomic 
expression of emotions [58], and several earlier studies, using emotional 
movie stimuli, have reported increased thalamus responses to both 
pleasant and unpleasant emotional stimulation [12,25]. Thalamus is also 
known to regulate and mediate interoceptive awareness of arousal 
[59,60]. In line with this, thalamus is activated by both observing others’ 
pain as well as rating the intensity of painful experiences [61]. The 
present results, showing U-shaped valence dependency in the thalamus, 
suggest that thalamus has potentially an important role also in 
interoceptive awareness of emotion-induced mental and bodily states.    

The models of brain basis of emotional feelings have attributed 
VMPFC, insula and somatosensory cortices a special role in the 
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generation of emotion-related physiological states and corresponding 
emotional feelings [3,62]. We found significant, quadratic valence-
modulated BOLD responses in all these regions. The frontal cortex is 
centrally involved in the processing of emotions, with VMPFC regions 
serving as a high-level trigger for autonomic emotional responses to 
external events [4,18,19]. Consistent with this, VMPFC responses 
showed U-shaped dependency of the self-reported valence of the 
movies. Importantly, similar left-hemispheric region of the VMPFC 
showed U-shaped valence dependency also in an earlier study using 
auditory emotional stimuli [41], suggesting that the VMPFC may encode 
emotional valence irrespective of stimulus modality.  

The anterior insula supports interoceptive awareness, enabling 
subjective feelings from the body to be transformed into conscious 
experiences of emotions [21,63]. Subjective emotional feelings often 
involve awareness of the emotion-triggered bodily changes, and it has 
been proposed that emotional and interoceptive states might actually 
share an integrated representation in the insula [62,64]. The insula is 
also reliably activated by emotion imagery without any sensory input, 
highlighting its role in generating affective feelings [65]. Further support 
for this notion comes from research involving alexithymic autists, who 
show reduced activation in the anterior insula when evaluating their 
subjective feelings induced by emotionally evocative pictures [66]. 
Together with ACC, the insula is an important facilitator in distinguishing 
the most relevant/salient internal and environmental stimuli [67]. This 
could in part explain the U-shaped valence dependency found in these 
regions (see also [39,40,49,50]). 

It has been proposed that somatosensory cortices access the 
somatovisceral state brought about by emotions, and that they might be 
crucial for generating the subjective emotional feelings on the basis of 
feedback from the body [3,15]. Consistent with this, we observed that the 
magnitude of the somatosensory responses were contingent on the 
affective valence, both positive and negative deviations from neutral 
valence leading to strongest somatosensory responses. Interestingly, we 
also found that that one key component of the putative mirror neuron 
circuit – inferior frontal gyrus [IFG; 68] – exhibited U-shaped dependency 
on valence. Although activation of the mirror-neuron system probably is 
not a prerequisite for generating physiological emotional states in 
humans (consider, for example, the case of experience of disgust upon 
smelling rotten meat), some studies suggest that they might be involved 
in emotional contagion from others’ emotional expressions: when we 
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grasp our emotional states from others’ emotional behaviour, mirroring 
systems might provide more detailed representation of others’ action 
tendencies, and this premotor code might also contribute to the 
emotional experience [69,70]. One must be cautious, however, when 
interpreting the role of IFG activity, since this region serves multiple 
purposes in addition mirroring. 

Significant U-shaped dependency with subjectively experienced 
valence was also observed in cortical midline structures belonging to the 
‘default mode’ network [71]; most notably in the posterior and 
retrosplenial parts of the cingulate cortex and the precuneus. The activity 
of the default-mode network is typically suppressed during external 
stimulation [72], but here we found that default-mode network activity 
was enhanced when participants were experiencing either positive or 
negative emotions. This corroborates recent findings suggesting that the 
default-mode network may actually be involved in evaluating of 
potentially survival-salient information from the body and the environment 
[72,73]. These processes might be suppressed during free exploration of 
the environment, but are rapidly engaged when highly relevant 
information such as intense emotional responses need to be consciously 
accessed.  In line with this, quite a few previous studies have reported 
particularly precuneus activations to pleasant [74,75] and unpleasant 
[74,76] emotional stimulation. Further, in our earlier study we observed 
that valence of emotional sounds modulates the activity of precuneus in 
a U-shaped fashion. [41]. Precuneus has been proposed to underlie 
consciousness [77] and self-consciousness [78], and its activity is 
increased for example when participants recall how they rated several 
attributes to describe themselves [79]. As emotional feelings are brought 
about by the conscious representation of the neural and bodily changes 
triggered by the emotion, it is likely that self-referential encoding or self-
awareness would be increased when (pleasant or unpleasant) emotional 
states are brought about. This is in line with findings showing that the 
precuneus has functional connections to the key regions encoding 
emotional feelings, that is, the sensorimotor cortex and prefrontal cortex 
[80]. We thus propose that the precuneus might contribute to emotional 
feelings by increasing the level of self-consciousness when emotional 
states are brought about in the observer.  
 
 
 



  19 

Quadratic Versus Linear Representation of Valence 
Contrary to some earlier studies [34,35,36,37,38,50,51,81], we 

failed to observe significant linear relationships between valence and 
BOLD responses elicited by emotional stimulation (with p < 0.05, FDR-
corrected). Instead, we found that activity in the brain regions underlying 
subjective emotional feelings was the highest when the subjective 
experience of valence was strong (either negative or positive) and the 
lowest during neutral subjective experience. During recent years 
evidence for non-linear valence dependency of brain activity has been 
accumulating [39,40,41,42], and our results give further support for this 
view using naturalistic and dynamic stimulation conditions that closely 
mimic emotional events one encounters in daily life. The quadratic (U-
shaped) response profiles of the brain regions involved in emotional 
processing suggest that there might actually be partially separable neural 
systems that encode pleasant and unpleasant valence. The idea of two 
distinct systems relating to approach and withdrawal situations is old. 
Already in the 1950s, Miller [82] demonstrated that rats can exhibit 
separate approach and withdrawal gradients if closeness of reward 
versus punishment is modulated. In similar vein, single-cell recordings 
have established that individual cells in the monkey amygdala respond to 
either positive or negative value, but not both [44]. Functional imaging 
studies showing U-shaped valence dependency have also shown 
independent negativity and positivity processing mechanisms and 
support separate representations for positive and negative valence in the 
emotion circuit [39,40,42]. Such bivariate valence representation 
probably serves partially independent pleasantness and unpleasantness 
evaluations, which in turn enables separate approach and withdrawal 
behaviors [43]. 

The quadratic valence-contingent response profile of the 
emotion circuit naturally raises the question of whether the observed 
effects could actually be explained by a linear relationship between 
BOLD response and arousal, as both strongly negative and positive 
emotional states are associated with elevated arousal [33]. Importantly, 
we found no evidence of arousal-modulated BOLD responses at the set 
a priori threshold (p < 0.05, FDR-corrected), providing further support for 
the notion that valence representation in the brain is indeed quadratic 
rather than linear. Only when more lenient threshold (p < 0.001, 
uncorrected) was applied, we observed linear modulation of BOLD signal 
by arousal in the precuneus. 
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Conclusion 
We conclude that during extended naturalistic stimulation, a 

widespread cortical-subcortical network of brain areas, extending from 
the thalamus and hypothalamus to the insula, somatosensory and medial 
prefrontal cortices, encodes subjectively felt emotional valence in a 
quadratic fashion. These results suggest that under natural dynamic 
conditions with constantly changing emotional events these neuronal 
populations encode felt valence in a non-linear fashion. Accordingly, our 
data cast doubts on the linear, bipolar valence models and suggest that 
approach and avoidance tendencies might activate independently and 
possibly sometimes even simultaneously. Importantly, our study takes a 
new step towards studying the brain basis of emotional reactions under 
highly naturalistic conditions and confirms that such approach is both 
feasible and reliable way of studying the emotional brain under 
conditions that resemble the unpredictability and complexity of real life.  
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Appendix 1. Descriptions of the films used in the experiment.   
 
Durations, valences, arousals, basic emotions and target emotions have 
been described. Valence and arousal scores range from 1 (unpleasant / 
calm) to 9 (pleasant / aroused). The evaluations of basic emotions, given 
as one number after presentation of each film, range from 0.0 to 1.0. The 
actual order of the films in the fMRI experiment was 11-13-5-10-3-6-7-2-
8-4-12-1-9 and in the behavioral part outside the scanner 3-4-8-5-9-12-6-
1-13-11-7-2-10.  
 

1. An Officer And a Gentleman 1 Paula works in a factory. She 
has met a young officer Zack. He does not yet know where the 
acquaintance will lead. (Duration = 111s, Mvalence = 6.66, Marousal 
= 4.46, Manger = 0.077, Mdisgust = 0.109, Mfear = 0.045, Mpleasure = 
0.711, Msadness = 0.079, Msurprise = 0.401, target emotion: 
pleasure/happiness). 

2. An Officer And a Gentleman 2 Zack and Paula are looking for 
their friend Sid. They knock on the door of his motel room. As no 
one answers they enter the room. (Duration = 80s, Mvalence = 
3.27, Marousal = 5.64, Manger = 0.202, Mdisgust = 0.458, Mfear = 
0.356, Mpleasure = 0.163, Msadness = 0.646, Msurprise = 0.522, target 
emotion: sadness).  

3. Emmanuelle 1. Emmanuelle meets her lover in his home. 
(Duration = 88s, Mvalence = 7.11, Marousal = 6.41, Manger = 0.026, 
Mdisgust = 0.070, Mfear = 0.040, Mpleasure = 0.754, Msadness = 0.038, 
Msurprise = 0.292, target emotion: erotic).  

4. Emmanuelle 2 A couple spends holiday in a hotel. They have 
just woken up. (Duration = 93s, Mvalence = 6.96, Marousal = 5.99, 
Manger = 0.025, Mdisgust = 0.061, Mfear = 0.028, Mpleasure = 0.762, 
Msadness = 0.059, Msurprise = 0.306, target emotion: erotic).   

5. Godfather Jack, a wealthy film producer, lives in an ostentatious 
villa. One morning he wakes up in his bed.  (Duration = 59s, 
Mvalence = 4.15, Marousal = 5.27, Manger = 0.296, Mdisgust = 0.671, 
Mfear = 0.452, Mpleasure = 0.129, Msadness = 0.272, Msurprise = 0.574, 
target emotion: disgust).  

6. Halloween Laurie is working as a babysitter at her parents' 
friends. When she arrives there one evening she does not find 
anybody on the ground floor, and she goes upstairs. (Duration = 
116s, Mvalence = 3.17, Marousal = 6.15, Manger = 0.355, Mdisgust = 
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0.505, Mfear = 0.667, Mpleasure = 0.164, Msadness = 0.282, Msurprise = 
0.522, target emotion: fear).  

7. Hannah and her sisters Hannah and Holly are shopping. They 
talk about last night.  (Duration = 92s, Mvalence = 4.50, Marousal = 
3.49, Manger = 0.094, Mdisgust = 0.199, Mfear = 0.092, Mpleasure = 
0.217, Msadness = 0.139, Msurprise = 0.215, target emotion: neutral). 

8. Maria's lovers Ivan spends a night in a cheap hotel. At night he 
is dreaming. (Duration = 58s, Mvalence = 3.39, Marousal = 5.78, 
Manger = 0.303, Mdisgust = 0.719, Mfear = 0.471, Mpleasure = 0.091, 
Msadness = 0.218, Msurprise = 0.456, target emotion: disgust).  

9. Pink Flamingos John is making unusual video films. One 
morning he films a transvestite and a poodle.  (Duration = 29s, 
Mvalence = 3.47, Marousal = 5.92, Manger = 0.229, Mdisgust = 0.802, 
Mfear = 0.170, Mpleasure = 0.199, Msadness = 0.147, Msurprise = 0.548, 
target emotion: disgust).  

10. The Champ Billy is seriously wounded in a boxing match. He 
summons his son.  (Duration = 130s, Mvalence = 2.89, Marousal = 
5.44, Manger = 0.225, Mdisgust = 0.417, Mfear = 0.356, Mpleasure = 
0.134, Msadness = 0.737, Msurprise = 0.295, target emotion: 
sadness).  

11. The Last Emperor The heirs to the throne of China meet their 
new British teacher. They talk about the studies together.  
(Duration = 75s, Mvalence = 4.72, Marousal = 3.67, Manger = 0.158, 
Mdisgust = 0.169, Mfear = 0.109, Mpleasure = 0.226, Msadness = 0.126, 
Msurprise = 0.220, target emotion: neutral). 

12. Silence of the Lambs Clarice, a young FBI agent, is searching 
for a serial killer. In her investigation she questions the tailor 
James, whom she suspects as the murderer. (Duration = 133s, 
Mvalence = 3.81, Marousal = 6.29, Manger = 0.369, Mdisgust = 0.445, 
Mfear = 0.622, Mpleasure = 0.223, Msadness = 0.166, Msurprise = 0.434, 
target emotion: fear).  

13. When Harry met Sally Harry and Sally are sitting at a cafe. 
They discuss about whether Harry would notice if a woman 
faked an orgasm. (Duration = 100s, Mvalence = 6.42, Marousal = 
4.78, Manger = 0.050, Mdisgust = 0.068, Mfear = 0.078, Mpleasure = 
0.720, Msadness = 0.053, Msurprise = 0.417, target emotion: 
pleasure/happiness).  

 




