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Abstract

Background

Emotion is an elusive and highly challenging concept for systematic empirical research, but it is
nonetheless a factor that is too influential in terms of human behavior and mental pathologies to
be ignored. Accordingly, neuroscientists have investigated the neural mechanisms of emotion-
related behaviors since the early 20" century attaining some notable achievements in identifying
circuits controlling emotional autonomic reactions®> and acquisition and extinction of
conditioned response to aversive stimuli*®.

However, despite the progress that has been made in the field much controversy remains about
the nature of the neural mechanisms that substantiate basic emotional states and even as to the
way in which these states should be defined and studied. Thus, the attempts to map distinct
"basic emotions” (e.g. anger, sadness, fear) onto specific brain circuits have yielded some
inconsistent results echoing a similar drawback of parallel efforts to demarcate a profile of
peripheral responses for each of the emotions. On that background, a "constructionist”
approaches to emotions suggested an alternative methodological path: rather than pursuing fixed
correlates of equivocal notions such as "anger” and "sadness", affective neuroscience should look
for neural patterns that consistently correspond with a certain elementary emotion-related
processes (e.g. basic pleasure/displeasure feeling (valence) with a varying degree of intensity
(arousal), interoception and monitoring of the homeostatic state of the body’). These patterns
may emerge across emotional states from distinct categories (e.g. during both fear and anger).
Moreover, the specific combination of these processes may be what distinguishes a certain type
of emotional state from another®,

In keeping with this theoretical rationale, this work searches for neural markers of such
elementary emotion-related processes across different instances of emotion. However, in light of
the theoretical emphasis on the importance of dynamic interactions between brain systems as a
precondition for the emergence of emotional experiences, we were looking for markers that
probe the temporal patterns of connectivity between brain regions rather than examining only
their level of activity. Functional magnetic resonance imaging (fMRI), which suggests an
acceptable spatial resolution and allows the analysis of tonic trends of inter-regional coupling
within the scale of seconds, was used in this work. Temporal patterns of network cohesion were
examined based on fMRI data recorded during the viewing of cinematic content, which elicits
dynamic emotional experience.

Objectives:

Objective 1: Developing a method for probing and analyzing temporal patterns of network
connectivity inthe brain.



Objective 2: Defining networks of interest for dynamic functional connectivity analysis using
two complementary strategies: hypothesis-driven and data-driven analyses. For hypothesis-
driven analysis, specific sets of brain regions that have been previously found to be consistently
implicated in a certain emotion-related function are defined as networks of interest on the basis
of relevant meta-analyses and comprehensive functional connectivity studies. The general-
domain emotion-related functions that are examined in this case are core-limbic automatic
processing, self-related emotion regulation, conceptualization, cognitive simulation of other's
state (“theory of mind"), automatic resonance of other's visceral state (“embodied simulation™),
social motivation, social perception, social aversion, interoception-based valuation, and
executive integration. Data-driven analysis includes a hypothesis-free whole-brain exploration of
sets of brain regions that are affected by the emotional manipulation.

Objective 3: Characterization of individual emotional experience elicited by the cinematic
stimuli using dynamic physiological and behavioral measures.

Objective 4: Comparison of indices of emotional reaction and network functional connectivity.

Methods

To test the unfolding of connectivity of predefined networks of interest as outlined in Objective
1, we developed a new probe: Network Cohesion index (NCI). This index probes the dynamics of
coordination both within a defined network and between networks. Cohesion is measured in a
way that reflects both the strength of the average correlations between signals in a group of
regions and the variation about this average, with higher values for correlations that are narrowly
distributed about a high average. The temporal patterns of the NCls are then compared with
corresponding time courses of behavioral and physiological indices of emotionality.

Two sadness-inducing, one fear-eliciting, and one anger-provoking film excerpts were displayed
to the participants. 44, 43, 26, and 70 valid data series of fMRI data were collected, respectively.
Both sadness-inducing films presented a theme of separation of a mother from her children.
However, in an excerpt taken from the film Sophie's Choice this separation is presented as a real-
time even, while ina clip from Stepmom it is discussed as a future event.

A self-reported continuous retrospective rating of emotion intensity served as the behavioral
index. A physiological index of the parasympathetic activity was computed on the basis of the
heart rate signal filtered to the high-frequency (0.15 to 0.4 Hz) band. Furthermore, indices of
trait-empathy and trait-anger were obtained for some of the subjects using questionnaire.

Main results
Opposite relations between the behavioral and parasympathetic indices were found between the
sadness-inducing films: A positive association (Z=3.87, p<0.0002) was found in the case of



Stepmom, while a negative relation (Z=-2.27, p<0.025) was observed for Sophie's Choice. In
Stepmom, the temporal patterns of reported sadness intensity were also positively correlated with
the cohesion of a medial prefrontal network implicated in emotion regulation (Z=3.24, p<0.005;
tested on a subgroup of 16 subjects), as well as with the NCI of a set of medial prefrontal-
temporo-parietal regions associated with cognitive-driven empathy (Z=2.8, p<0.01) called
"Theory of Mind" (ToM). Moreover, the parasympathetic index computed for this cinematic
condition was linked (Z=2.58, p<0.01) with the inter-NCI that probes the strength of interaction
between the ToM network and a set of subcortical "core limbic" structures (e.g. amygdala,
hypothalamus, ventral striatum). On the other hand, in Sophie's Choice the reported sadness
intensity strongly positively correlated (Z=4.9, p<2x10°) with the index of the interaction of the
core limbic network with a set of regions implicated in another form of empathy — visceral-
driven "embodied simulation”. Strikingly, ToM NCI was negatively correlated with the rated
sadness intensity (Z=-4.34, p<2x107%) in this case. Accordingly, during a time point of peak
reported sadness intensity we found that the scores of an index for the individual tendency to
react to other's distress with personal distress positively correlated with ToM and ES-limbic NCI
in Stepmom and Sophie's Choice, respectively.

An examination of the relations between rated emotion intensity and the NCI of networks
delineated based on functional connectivity studies highlighted a behavioral-neural association
that is consistent across conditions: the inter-NCI of sets of regions connected with the anterior
dorsal insula and the medial nucleus of the amygdala — networks associated with executive
functions and social affiliation respectively — were positively correlated with this behavioral
index for the four independent cinematic cases examined.

Finally, networks were delineated in a data-driven manner according to the extent to which the
time courses of correlation between their nodes are correlated across subjects. A few networks
whose NCI was strongly associated with the rated emotion intensity were found. During an
epoch of emotional peaks, subjects who scored higher showed lower cohesion in a network
encompassing regions implicated in social cognition and visual processing.

Conclusions

The novel method of network cohesion analysis introduced here provides indications for the
coupling of certain neural processes with intensification of emotion regardless of the type of
emotion involved. However, it suggests a characterization not only of the common, but also of
the unique features of each of the emotional states. Thus, the consistent finding on the link
between rated emotion intensity and the cohesion of limbic (amygdala, nucleus accumbens,
subgenual ACC) and higher cortical regions (dorsal insula and dorso-lateral prefrontal regions)
suggests that the interaction between the systems involved in executive control and computation
of the valence of the situation is symptomatic to a wide range of emotional states. On the other
hand, the evidence also points to a difference between two sadness states elicited by the films: a



regulated sadness accompanied with an increased parasympathetic activity on the one hand and a
viscerally-driven sadness on the other. Thus, network cohesion analysis comprises a productive
tool with a diagnostic potential for investigating slow fluctuations of emotion-related neural

connectivity and associated pathologies.
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