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1. Introduction 

1.1 Emotions: more than a feeling 



Introduction 

1.2 Neural basis of emotions 



Introduction 



Introduction 

Figure 1. Schematic depiction of emotion-related brain areas. The areas are shown on their approximate 
locations on the PALS12 cortical atlas template (Van Essen, 2005). Most of the depicted regions are bilateral but 
shown on one hemisphere for simplicity. Some areas reside within the surface and subcortical regions and cere-
bellum are not shown on the template, therefore, areas belonging to these structures are shown on their approxi-
mate locations.  Abbreviations: ACC - anterior cingulate cortex, Amy - amygdala, aPFC - anterior prefrontal cor-
tex, Cer - cerebellum, Hi - hippocampus, IFG - interior frontal gyrus, Ins - insula, mPFC - medial prefrontal cortex, 
NAcc - nucleus accumbens, PCC - posterior cingulate cortex, PCun - precuneus, postCG - postcentral gyrus, 
preCG - precentral gyrus, SMA - supplementary motor area, Th - thalamus.  



Introduction 

Table 1. Possible ways to categorize emotional processes. Adopted from Adolphs (2002a) with additions marked 
with an asterisk (*). The categorizations and emotional states used in the current work are marked in bold. 

Behavioral state Motivational state Moods, back-
ground emotions 

Basic emotions Social emotions

Approach 
Withdrawal 

Reward 
Punishment 
Thirst 
Hunger 
Pain 
Craving 
Reproduction * 

Depression 
Anxiety 
Mania 
Cheerfulness 
Contentment 
Worry 

Happiness
Fear 
Anger 
Disgust 
Sadness 
Surprise 

Pride
Guilt 
Shame 
Maternal love 
Sexual love
Embarrassment 
Infatuation 
Admiration 
Jealousy 
Contempt * 
Gratitude * 
Despair * 
Longing *



Introduction 

1.3 Measuring brain activity and connectivity with functional magnetic reso-
nance imaging  



Introduction 

Figure 2. Comparison of fMRI analysis methods employed in the dissertation. In traditional univariate GLM, 
hot spots denote the strength of activation related to emotional states, which in this case are similar for both ex-
emplar emotions. However, multi-voxel pattern analysis can detect the underlying differences of pattern structure 
for both emotions and also patterns in areas that are below the statistical significance threshold in GLM, i.e., it is 
assumed that it is the distributed pattern of activations and deactivations that underlies a given emotional state. 
Finally, functional connectivity analysis, in turn, detects the co-activation between different brain regions.  
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2. Objectives 

Table 2. Research questions. Summary of the research questions and how different studies were designed to 
answer them. 

Research question (RQ) Study I Study II Study III Study IV Study V
RQ1: Do different emotions have distinct neural bases? x x    
RQ2: What are the core regions supporting emotions? x x x   
RQ3: How does the large-scale functional connectivity 
vary during emotions? 

  x x  

RQ4: How does the neural similarity of emotions relate 
to their subjectively felt similarity? 

x x   x 





3. Methods 

3.1 Participants 

Table 3. Summary of Studies I-V. The number and age of participants and a description of the study type in Stud-
ies I-V.

Study I Study II Study III Study IV Study V
Movie 
experiment 
(Exp. 1) 

Imagery 
experiment 
(Exp. 2) 

Crossmodal 
experiment 
(Exp. 3) 

    

Participants 21 healthy 
adults  
(12 males) 
ages 19–33 
years, 
mean age 
24.9. years 

14 healthy 
females 

ages 19–30 
years,  
mean age 
23.6 years  

13 healthy 
females 

ages 21–29 
years, 
mean age 
25.4 years  

25 healthy 
females 

ages 19–38 
years, 
mean age 
23.6 years 

20 healthy 
adults 
(8 males) 
ages 19–30 
years, 
mean age 
25 years 

16 healthy 
females 

ages 20–30 
years, 
mean age 
24.3 years 

Study type fMRI study fMRI study fMRI study fMRI study fMRI study fMRI study Review with 
meta-analysis 

3.2  Stimuli 



Methods 

Figure 3. Experimental designs and emotion categories in Studies I-IV. (a) Experimental design for Studies I-
IV. Time period marked in red was used in the analyses. See text for details. (b) Emotion categories used in Stud-
ies I-IV. 



Methods 

Figure 4. Summary of the datasets used in the meta-analysis in Study V. (a) Self-reported bodily sensations 
corresponding to different emotions (Nummenmaa et al., 2014a). (b) Rated similarity of subjective experiences 
related to 36 different emotions (Saarimäki et al., 2016). (c) Ratings for the emotion best corresponding to each 
facial expression (Calvo and Lundqvist, 2008). (d) Evaluations of intensity of emotions evoked by short emotional 
narratives (Nummenmaa et al., 2014a). (e) Voxels contributing most significantly to pattern classification of emo-
tions from BOLD-fMRI data (Saarimäki et al., 2016). 
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3.3 Measuring subjective emotional experiences 



Methods 

3.4 Measuring brain activity: Functional magnetic resonance imaging 



Methods 

Figure 5. Pipeline for the within-participant classification. (a) Selection of voxel activity patterns for the classi-
fier. In the current work, we used both whole-brain activity patterns (voxels within the grey matter) and a selection 
of regions-of-interest. Feature selection was performed with voxel-wise ANOVA to remove voxels whose activity 
did not differ between emotion conditions. (b) Classifier training. The voxel activations were fed as an input for the 
classifier, here, a linear multi-class classifier implemented as a neural network without hidden layers which, during 
training, learns the weights from each voxel to a specific category. We used both within-participant classification 
(with leave-one-run-out cross-validation) and across-participants classification (with leave-one-participant-out 
cross-validation). (c) In the classifier testing, the classifier algorithm is presented with new data and asked to 
guess the category it belongs to. The classifier performance can then be evaluated as the number of correct 
guesses per category and on average. 
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Figure 6. Pipeline for classification of functional connectivity patterns. (a) Selection of nodes for the connec-
tivity analysis. Functional connectivity is calculated between selected nodes, which in the current work consist of 
264 nodes (denoted by dots) belonging to ten functional brain systems (denoted by colors) from Power et al. 
(2011). Adopted from Cole et al. (2013) with permission. (b) Extraction of trial-wise connectivity matrices. Here, 
connectivity matrices for each trial are calculated using Pearson correlation between each pair of 264 node time 
series for each subject and for each 60-s narrative. (c) Classifier training. The connectivity matrices are fed as 
input for the classifier, here, a linear support vector classifier. Here, we used an across-participants classifier with 
leave-one-participant-out cross-validation. (d) Classifier testing. The testing is performed with new data, in this 
case, the left-out participant. The classifier performance was evaluated by calculating the classification accuracy 
(defined as percentage of correct classifier guesses per category) and the confusion matrix (predicted vs. true 
labels of each category). 
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4. Results 

4.1 RQ 1: Do different emotions have distinct neural bases? (Studies I and II) 



Results 

Figure 7. Behavioral results from Studies I and II show that stimuli elicited distinct and robust emotions.
(a) Behavioral results in the Movie experiment (Exp. 1) of Study I: mean ± SEM percentages of movie clips per 
emotion category during which participants reported feeling the corresponding emotion. The clips were assigned 
to the predefined target category with 93.1% overall accuracy. (b) Behavioral results in the Imagery experiment 
(Exp. 2) of Study I: mean network of basic emotion concepts based on the participant’s behavioral similarity rat-
ings. Link width denotes similarity between words. (c) - (d) Behavioral results in Study II. Participants rated on a 
scale from 0 -1 how much of each emotion was elicited by each of the 60 narratives that targeted 14 emotional 
states and a neutral state (c). Based on the ratings, we calculated the similarity of emotion content between narra-
tives by using Euclidean distances (d). 



Results 

Figure 8. Classification results from Study I. Mean ± SEM classification accuracy for each emotion category. 
Dashed line represent the chance level (20% in the Movie experiment [a and d], 16.7% in the Imagery experiment 
[b and e], 25% in the cross-modal experiment [c]. Asterisks denote accuracies above a permuted chance level. 
(a) In the Movie experiment, the mean within-participant classifier accuracy was 47% for distinguishing one emo-
tion against all others (averaged across all categories) and the classifier was able to classify each of the 5 emo-
tion categories statistically significantly above chance level (20%, p < 0.05). (b) In the Imagery experiment, the 
mean within-participant classifier accuracy was 55% and the classifier was able to classify each emotion category 
statistically significantly above chance level (16.7%, p < 0.05). (c) The mean within-participant classifier accuracy 
in the crossmodal experiment was 29%. The classifier was able to classify all emotion categories except sadness 
statistically significantly above chance level (25%, P < 0.05). (d) The mean across-participant classifier accuracy 
in the Movie experiment was 34% and significantly above chance level (20%, p<0.05) for all emotion categories. 
(e) The mean across-participant classifier accuracy in Imagery experiment was 23% and significantly above 
chance level (16.7%, p<0.05) for all categories except for fear. 

Figure 9. Classification results from Study II. Mean ± SEM classification accuracy for each emotion category 
using a whole-brain within-participant classifier. Dashed line represents chance level (6.7%). Colors reflect the 
clusters formed on the basis of experienced similarity of emotions (see RQ 4). 



Results 

4.2 RQ 2: What are the core regions supporting emotions? (Studies I, II & III) 



Results 

Figure 10. Region-of-interest-wise mean classification accuracies in Studies I and II. (a) Comparison of 
mean ± SEM classification accuracies between basic and non-basic emotions for each region-of-interest (ROI) in 
Study II. Asterisks denote above-chance-level accuracies (p<0.05). Dashed line represents chance level (6.7%). 
(b) Mean ± SEM classification accuracies for each ROI and each emotion separately in Study I. Dashed line rep-
resents chance level (20% in Movie experiment, 16.7% in Imagery experiment, 25% in crossmodal classification 
in crossmodal experiment). (c) Mean classification accuracies for each ROI and each emotion separately in Study 
II. Dashed line represents chance level (6.7%). PFC = prefrontal cortex; MFC = medial frontal cortex; OFC = 
orbitofrontal cortex; ACC = anterior cingulate cortex; PCC = posterior cingulate cortex; PaC = paracingulate cor-
tex; PCun = precuneus; preCG = precentral gyrus; postCG = postcentral gyrus; SMA = supplementary motor 
area; Ins = insula; NAcc = nucleus accumbens; Amy = amygdala; Hi = hippocampus; Th = thalamus. 



Results 

Figure 11. Voxels with the largest importance for the classification of basic emotions in Study I. The 
thresholding of the importance values (defined as voxel activation * classifier weight) is arbitrary and the maps are 
shown for visualization only. mPFC = medial prefrontal cortex; PCC = posterior cingulate cortex; Prec = precu-
neus; aPFC = anterior prefrontal cortex; LOC = lateral occipital cortex; postCG = postcentral gyrus; preCG = pre-
central gyrus; Ins = insula; Amy = amygdala; MTG = middle temporal gyrus.  

Figure 12. Cumulative activation/deactivation maps from Study II showing areas that activate/deactivate 
for multiple emotions. (a) Cumulative activation map shows the cumulative sum of binarized t maps (p<0.05, 
cluster-corrected) across each emotion vs. neutral condition. Outline shows the GLM results for all emotions con-
trasted against the neutral condition, p<0.05, cluster-corrected). (b) Cumulative deactivation map shows the cu-
mulative sum of binarized t maps (p<0.05, cluster-corrected) across neutral condition vs. each emotion. Outline 
shows the GLM results for the neutral condition contrasted against all emotions, p<0.05, cluster-corrected). 
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Figure 13. Cluster-specific activation patterns in cortical and subcortical regions from Study II. The maps 
show the averaged uncorrected t maps for emotions belonging to each cluster obtained from the hierarchical 
clustering analysis in cortical regions (a) and subcortical regions (b). Colors represent the three clusters: cluster 1 
(red) = positive emotions (happiness, pride, love, longing for, gratitude); cluster 2 (green) = negative basic emo-
tions (disgust, sadness, fear, shame); cluster 3 (blue) = negative non-basic emotions (anger, contempt, guilt, 
despair). 

Figure 14. GLM results showing areas whose activation is modulated by valence and arousal from Study 
III. (a) Regions that are modulated by emotional valence of the stimulus. (c) Regions that are modulated by emo-
tional arousal of the stimulus.   
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4.3 RQ 3: How does the large-scale functional connectivity vary during emo-
tions? (Studies III & IV)  
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Figure 15. Functional connectivity modulations by valence and arousal from Study III. Connectivity graphs 
show the brain regions whose functional interconnectivity increased as a function of emotional valence (top row, 
a-b) and arousal (bottom row, c-d). Negative valence and arousal are shown in the left panel, positive valence 
and arousal in the right. Colour denotes link type and node circle size indicates node strength (all data threshold-
ed at q < 0.1, FDR-corrected). 

Figure 16. Classification of basic emotions based on whole-brain functional connectivity patterns (Study 
IV). (a) Emotion-wise classification accuracies for the full-network classification. Dashed line represents naïve 
chance level (16.6%). Asterisks denote significance relative to chance level (*p<0.01, ***p<0.0001). Thick line 
represents median of classification accuracies. Boxes show the 25th to 75th percentiles of classification accura-
cies and values outside this range are plotted as dots. Whiskers extend from box to the largest value no further 
than 1.5 * inter-quartile range from the edge of the box. (b) Classifier confusions from full network classification. 
Off-white colour code denotes classifier accuracy; cells shown in white have accuracies below naïve chance level.  
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Figure 17. Subnetwork classification accuracies and confusion matrices from Study IV. (a) Classification 
accuracies for connectivity within and between each subnetwork. Colour code denotes classifier accuracy; cells 
shown in white have accuracies below naïve chance level. All non-white accuracies are above the naïve chance 
level (16.6%), but after correcting for multiple comparisons, only the accuracy for within default mode network 
connections remained significant. (b) Classifier confusions for subnetwork classification. 

Figure 18. Classification results from default mode subnetwork (DMN) classification (Study IV). (a) Emo-
tion-wise classification accuracies of the classification for connections within the DMN. Dashed line represents 
naïve chance level (16.6%). Asterisks denote significance relative to chance level (**p<0.001, ***p<0.0001). Thick 
line represents median of classification accuracies. Boxes show the 25th to 75th percentiles of classification accu-
racies and values outside this range are plotted as dots. Whiskers extend from box to the largest value no further 
than 1.5 * inter-quartile range from the edge of the box. (b) - (c) Classification accuracies (b) and subnetwork 
confusion matrices (c) for DMN subnetwork classification. Colour code denotes classifier accuracy; cells shown in 
white have accuracies below naïve chance level.  
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4.4 RQ 4: Do emotions that have similar neural bases also feel subjectively 
similar? (Studies I, II and V) 
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Figure 19. Comparison of neural and experiential similarities in Exp. 1 of Study I. Left: Experiential (behav-
ioral) similarity matrix based on the rated similarity of emotional experiences evoked by each pair of emotions. 
Right: Neural similarity matrix based on the fMRI confusion matrix from word-by-word within-participant classifica-
tion. Correct categories on the x-axis, classifier guesses on the y-axis. 

Figure 20. Comparison of neural and experiential similarities in Study II. (a) Left: Mean neural similarity 
matrix extracted from the classifier confusion matrix. The similarity matrix was created by calculating the Euclide-
an distance between each pair of emotions based on their category confusion vectors. Right: Mean experiential 
similarity matrix shows the rated similarity of emotional experiences evoked by each pair of emotion. (b) Alluvial 
diagram showing the similarity of hierarchical cluster structure of the neural and experiential similarities. Coloring 
of the emotion categories is based on the cluster of the neural similarity matrix.  
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Figure 21. Cross-modal similarities between bodily, cognitive-evaluative, subjective, expressive, and neu-
ral representation of emotions. Matrices show the correlation matrices for data from different modalities using 
data from Calvo and Lundqvist (2008), Nummenmaa et al. (2014a), and Saarimäki et al. (2016). In all matrices, 
larger values denote higher similarity. Lines connecting different confusion matrices show the correlations be-
tween them calculated with Spearman correlation coefficient denoted. Line colour and width denotes the strength 
of the correlation, all shown similarities are significant, p<0.0001, in a parametric test. Asterisks (*) denote signifi-
cant similarities in a complementary permution-based test where values were obtained by permuting the row and 
corresponding column elements (p<0.05, BH-FDR-corrected). 

  





5. General discussion 

5.1 Emotions as discrete patterns of systemic activity 



General discussion 

5.2 Distinct neural bases of different emotions 



General discussion 

5.3 Core regions modulated by emotional states 



General discussion 

Figure 22. Summary of emotion-related brain areas. Regions are shown on their approximate locations on the 
PALS12 cortical atlas template (Van Essen, 2005). They were derived from Neurosynth 
(http://www.neurosynth.org) and show the results of an automated meta-analysis of 1340 studies for the term 
emotional. All shown activations/deactivations are significant with P<0.01 (FDR corrected). The depicted regions 
are bilateral but shown on left hemisphere for simplicity. Some activations reside within the surface and subcorti-
cal regions are not shown on the template but are shown in their approximate locations.  Abbreviations: Amg - 
amygdala, Hi - hippocampus, IFG - interior frontal gyrus, Ins - insula, mPFC - medial prefrontal cortex, PCC - 
posterior cingulate cortex, Pcun - precuneus, SMA - supplementary motor area, Th - thalamus.  

Figure 23. Default mode network. Default mode brain regions are shown on their approximate locations on the 
PALS12 cortical atlas template (Van Essen, 2005). Regions were derived from Neurosynth 
(http://www.neurosynth.org) and show the results of an automated meta-analysis of 516 studies for the term de-
fault mode. All shown activations/deactivations are significant with P<0.01 (FDR corrected). The depicted regions 
are bilateral but shown on right hemisphere for simplicity. Some activations reside within the surface and subcor-
tical regions are not shown on the template but are shown in their approximate locations.  Abbreviations: Hi - 
hippocampus, mPFC - medial prefrontal cortex, PCC - posterior cingulate cortex, Pcun - precuneus. 
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5.4 Large-scale functional connectivity differences between emotions 



General discussion 

5.5 Similar in mind, similar in brain: how does the neural similarity relate to 
the subjectively felt similarity of emotions? 
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5.6 Limitations  
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5.7 Future directions 
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